
 

 

Comparison of Ultra-Low Sulfur Diesel and Biodiesel Combustion Characteristics in the 

Partially Premixed Charge Compression Ignition Regime 

By 

Charu Vikram Chandrashekhar Srivatsa 

M.S., University of Kansas, 2017  

B. E., Jain University, 2012 

Submitted to the Department of Mechanical Engineering and the Faculty of the Graduate School 

of the University of Kansas in fulfillment of the comprehensive examination proposal 

requirements for the degree of Doctor of Philosophy. 

 

 

Chair: Dr. Christopher Depcik 

Department of Mechanical Engineering 

 

Dr. Xianglin Li 

Department of Mechanical Engineering 

 

Dr. Lin Liu 

Department of Mechanical Engineering 

 

Dr. Susan M. Stagg-Williams 

Department of Chemical and Petroleum Engineering 

 

Dr. Edward F. Peltier 

Department of Civil, Environmental, and Architectural Engineering 

 

Defended: May 11th, 2022  



ii  

 

 

The dissertation committee for Charu Vikram Chandrashekhar Srivatsa certifies that this is the 

approved version of the following dissertation:  

 

Comparison of Ultra-Low Sulfur Diesel and Biodiesel Combustion Characteristics in the 

Partially Premixed Charge Compression Ignition Regime 

 

By 

 

Charu Vikram Chandrashekhar Srivatsa 

 

 

 

 

 

 

 

 

 

 

 

Chair: Dr. Christopher Depcik 

Department of Mechanical Engineering 

 

 

 

 

 

 

 

Date Approved: May 13th, 2022  



iii  

 

Abstract 

Compression Ignition (CI) engines offer comparatively higher thermal efficiency. 

However, rising concerns over the increase in harmful emissions generated by CI engines such as 

nitrogen oxides (NOx) and particulate matter (PM) need to be addressed. Low temperature 

combustion through Partially Premixed Charged Compression Ignition (PPCI) is a promising 

solution proven to alleviate the NOx-PM tradeoff. Therefore, PPCI combustion using ultra-low 

sulfur diesel (ULSD) was attempted in previous work. With the motivation to further reduce 

emissions, biodiesel (BD) which has been reported to generate less incomplete combustion 

products and harmful emissions compared to ULSD was utilized. In addition, renewable sources 

can be utilized to synthesize BD; thus, reducing the dependence on fossil fuels. Therefore, 

experimental studies were performed to compare the combustion performance and emission 

characteristics of BD and ULSD while operating in the PPCI mode. Initially, Fuel Injection Timing 

(FIT) variation strategy was utilized to achieve PPCI; however, there was limited success in 

alleviating the NOx-PM tradeoff with BD. The high compression ratio of the test engine was a 

limiting factor in achieving PPCI due to its influence on the Ignition Delay (ID) period. 

Subsequently, Exhaust Gas Recirculation (EGR) in conjunction with FIT advancement was used 

to achieve PPCI. Simultaneous reduction of NOx and PM was achieved by utilizing high rates of 

EGR at intermittent FITs for both BD and ULSD. Importantly, the incomplete combustion 

products and NOx emissions were lower for BD at all FIT and EGR settings compared to ULSD. 

Additionally, the Negative Temperature Coefficient (NTC) behavior of ULSD and BD was 

captured during the experiments where the ID marginally declined with increasing in-cylinder 

temperature. Following this, a zero-dimensional combustion model simulating CI combustion was 

developed using engine geometry and fundamental conservation laws. Corresponding detailed 
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reaction mechanisms of methyl decanoate and ULSD surrogates were incorporated to represent 

BD and ULSD combustion kinetics respectively. The results predicted peak in-cylinder pressure 

and temperature data reasonably for the conventional and 15.0° injection events. Moreover, the ID 

trends were in reasonable agreement with experimental data at all FIT settings for both reaction 

mechanisms. However, the predicted ID results did not provide sufficient information to state that 

NTC behavior was captured by the model. 
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Chapter 1: Introduction  and Literature Review 

1.1 Background 

Compression Ignition (CI) engines offer better combustion and thermal efficiencies compared to 

Spark Ignition (SI) engines [1]. Utilizing a higher Compression Ratio (CR) in conjunction with 

Direct Injection (DI) of fuel under lean air-fuel mixture conditions results in elevated combustion 

temperatures and pressures. Additionally, the rate of change of the combustion temperature and 

pressure is rapid. As a result, nearly constant volume combustion is achieved. Hence, performance 

parameters (e.g., combustion efficiency and Brake Specific Fuel Consumption (BSFC)) are 

generally superior for CI engines compared to SI engines. Moreover, employing lean air-fuel 

mixtures results in relatively fewer remnants of incomplete combustion products, such as carbon 

monoxide (CO) and total hydrocarbons (THCs). 

However, CI engines generate harmful emissions such as nitrogen oxides (NOx) and particulate 

matter (PM). Typically, both nitric oxide (NO) and nitrogen dioxide (NO2) are presented together 

as NOx emissions in the literature. In general, four formation methods have been identified (and 

accepted) based on its reaction pathway [2]: thermal NOx, prompt NOx, nitrous oxide (N2O), and 

fuel-bound nitrogen (N2) mechanisms. These reaction pathways are consistent for both Ultra Low 

Sulfur Diesel (ULSD) and biodiesel (BD) used as fuel in CI engines. The thermal NOx mechanism 

involves a series of elementary reactions where the N2 molecule is broken into its atoms to further 

the reaction. Since the activation energy required to break the stable N2 triple bond is relatively 

high, the thermal mechanism is prominent only at high temperatures. Typically, conventional CI 

combustion provides sufficient energy and temperature to accomplish this bond disintegration. 

Therefore, the thermal NOx mechanism plays a major role in the formation of NOx emissions. This 



 

2 

 

mechanism as proposed by Zeldovich includes the following reactions with Equation (1) being the 

rate limiting step [3]:  

 / . ᴾ./ . (1) 

 . /( P ./ ( (2) 

 .  / ᴾ./ / (3) 

The atomic oxygen (O) reacts with the N2 molecule to produce NO and atomic N2. This O (also 

called a radical) can originate from the oxygen (O2) in the air or the fuel. Specifically, BD fuels 

comprise about 11% O2 by weight; hence, contributing to the forward reaction of Equation (1). 

Conversely, the N2 molecule must originate from the atmospheric air as both ULSD and BD fuels 

typically do not contain N2. Moving forward, once atomic N2 is formed it rapidly oxidizes to NO 

through hydroxyl (OH) radicals and O2.  

In comparison, the prompt NO mechanism involves the methylidyne radical (CH) reacting with 

N2 in the air to form hydrocyanic acid (HCN) as shown in Equation (4). Additionally, the CH 

radical and N2 could react to yield cyanonitrene (NCN) according to Equation (5) [4]. Importantly, 

the CH radicals are predominantly formed at the flame front. Moreover, the magnitudes of HCN 

and NCN formed during the combustion of lean mixtures are negligible (<1 ppm) [5]. Therefore, 

the NO mechanism following HCN and/or NCN pathway is deemed to be relevant only during the 

combustion of rich mixtures [4].  

 #( . ᴾ(#.. (4) 

 #( . ᴾ.#.( (5) 

Alternatively, NO could be generated through the recombination of atmospheric N2 with atomic 

O2 (Equation (6)) followed by the oxidation of N2O with atomic hydrogen (Equation (7)) or atomic 

O2 (Equation (8)). The formed NH radicals then react with OH and O2 to form NO. On the other 

hand, the NH radicals can react with NO to form N2 (Equation (9)) or N2O (Equation (10)). As a 



 

3 

 

result, the NO formation reactions compete with the N2 and N2O producing reactions. In recent 

times, this N2O mechanism has also been categorized as a thermal NOx mechanism [6]. In 

particular, the N2O mechanism is important while operating at high pressures and intermediate 

temperatures. Therefore, the N2O mechanism could be a major contributor in the context of Low 

Temperature Combustion (LTC) processes (to be discussed).  

  /  . - ᴾ./ -  (6) 

 ./ (ᴾ./ .( (7) 

 ./ / P ./ ./ (8) 

 .( ./ P  . /( (9) 

 .( ./ P  ./ ( (10) 

Finally, fuel-bound N2 mechanisms are possible; however, they are generally considered to play a 

minor role in the combustion of ULSD and BD [7]. In particular, BDs are long-chain methyl esters 

and mostly nitrogen-free, and petroleum ULSDs are hydrocarbon chains; therefore, the possibility 

of NO formation through this mechanism is negligible. As a result, this mechanism becomes 

comparatively more important when considering fuels such as HCN, ammonia, and so on. It is 

important to note that since about 90% of the exhaust NOx constitutes NO (М10% NO2), most of 

the reaction mechanisms discussed prior focus mostly on NO emissions.  

On a macro scale, Dickey et al. emphasized that the temperature difference between the local 

combustion region and the bulk gasses can lead to NOx emissions [8]. Conventional combustion 

promotes this behavior as the combustion propagation is heterogeneous. In other words, the 

equivalence ratio of the air-fuel pockets that engulf the combustion chamber varies significantly. 

Therefore, combustion initiates in regions where the air-fuel mixture favors ignition, and gradually 

progresses to other regions over time. Hence, elevating the temperature difference between the 

core combustion region and the bulk gasses. This promotes NOx emissions. Thus, to reduce NOx 

emissions, there is a need to lower this temperature difference. Instantaneous ignition of all the 



 

4 

 

fuel in the combustion chamber assists in alleviating this critical disadvantage. Here, a 

homogeneous air-fuel mixture will help achieve this outcome. Furthermore, if the overall 

combustion temperature achieved during combustion is relatively low, comparatively less NOx is 

formed. As a result, the moniker LTC is given to the combustion of a (nearly) homogeneous 

mixture under relatively lean (i.e., low temperature) conditions, and it has the potential to beat the 

NOx-PM tradeoff as explained in the following section. 

With respect to products of incomplete combustion, PM emissions include carbon particles emitted 

during CI combustion of diesel and diesel-like fuels. In DI CI engines, the effectiveness with which 

the injected fuel droplets atomize and evaporate depends on several engine parameters including, 

but not limited to injection pressure, air to fuel ratio, CR, and method of engine aspiration. In cases 

where the combustion chamber fails to provide optimum conditions for efficient atomization of 

the fuel (i.e., a stratified or heterogeneous composition), PM emissions are formed due to 

incomplete combustion [9]. Generally, these emitted particles undergo fuel pyrolysis, nucleation, 

growth by condensation and adsorption, agglomeration, and oxidation [10]. Broadly, PM 

emissions are categorized as soot and soluble organic fractions [11]. Soot emissions contain a 

carbon core, and they cannot be dissolved using organic solutions. Alternatively, soluble organic 

fractions are formed due to unburned fuel, lubricating oil, and their thermally synthesized 

components that adsorb on the carbon core of emissions formed. Additionally, these fractions can 

be dissolved using specific organic compounds. On the other hand, fuel pyrolysis reactions lead to 

soot precursors, and the rates of these reactions are temperature-dependent [12]. Also, nucleation 

includes the addition of (mostly) small aliphatic hydrocarbons to larger aromatic molecules. 

Finally, particle growth occurs due to the condensation of gaseous vapors reaching their saturation 
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pressure on the soot particles. Alternatively, the gaseous products of combustion could adsorb onto 

these particles due to chemical and/or physical forces [13].  

Overall, by understanding PM particle number, size, and composition, two basic categories/modes 

of PM are defined: (a) nucleation mode and (b) accumulation mode [10]. In the nucleation mode, 

the particles primarily consist of volatile organic compounds and sulfur compounds along with 

solid carbon and metallic ash. The particle size in this mode is typically less than 50 nm. On the 

other hand, particle sizes in the accumulation mode range between 50 and 1000 nm and are mostly 

carbonaceous soot agglomerates. Most of the PM emissions generated in CI engines come via the 

accumulation mode. Finally, CO and THC emissions are formed due to the incomplete combustion 

of carbon-based fuels and largely follow the generation of PM emissions [1]. Importantly, all 

factors that restrict a homogeneous air-fuel mixture formation lead to an inferior combustion 

efficiency which negatively affects CO and THC emissions.  

1.2 NOx versus PM Trade-off 

NOx emissions are known to cause asthma and impair lung function while contributing to the 

destruction of ozone and eutrophication [14, 15]. In addition, exposure to PM emissions has been 

associated with subclinical cardiovascular issues in healthy populations that could potentially lead 

to acute health effects [16]. Moreover, CO emissions are toxic and lead to poisoning while 

promoting global warming and the generation of tropospheric ozone [17]. Additionally, some 

polycyclic aromatic hydrocarbons are reported to cause cancer [18]. Therefore, CI engines are 

subject to stringent emission regulations that are expected to become sterner in the future. 

Fortunately, utilizing a high CR in conjunction with a common rail fuel injection system assists in 

mitigating CO and THC emissions. Alternatively, based on their formation mechanisms, high 
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temperature combustion of lean mixtures leads to NOx emissions; whereas, combustion of rich 

mixtures at lower temperatures cause PM emissions. Thus, NOx and PM emissions form a tradeoff 

in direct-injected CI engines, and it is a significant challenge to simultaneously mitigate NOx and 

PM following conventional methods.   

To understand the influence of equivalence ratio, and the operating temperature and pressure on 

the NOx-PM tradeoff, Kamimoto et al. conducted a series of experiments in a Constant Volume 

Combustion Vessel (CVCV) using propane as the fuel [19]. Trials were conducted by varying the 

pressure of the vessel along with the equivalence ratio of the propane and air mixture. The lowest 

equivalence ratio considered during the various trials conducted was 1.0. The resulting soot 

volume fraction was measured using the laser extinction technique with a helium-neon laser at a 

wavelength of 632.8 nm. With respect to combustion properties, increasing the equivalence ratio 

resulted in higher combustion temperatures for a fixed initial pressure. Their study indicated that 

the trend of soot formation largely followed the combustion temperature. Initially, the temperature 

increased rapidly between the Start of Combustion (SOC) and the end of fuel injection due to 

ignition. The concentration of soot formation was maximum at the peak temperature point. 

Subsequently, the soot concentration gradually declined as the temperature tapered due to the 

conclusion of oxidation. In addition, the rising temperature at a set pressure diminished soot 

formation significantly. Alternatively, for a fixed temperature, increasing the pressure resulted in 

higher soot. As seen from Figure 1, ñsooting limitsò were computed by linear extrapolation of soot 

yields (abbreviated as Cs in Figure 1) along with constant temperature, pressure, and equivalence 

ratio lines until the value of Cs approached zero. Overall, soot was reported to decrease with rising 

temperatures, declining pressure, and as the equivalence ratio approaches 1.  



 

7 

 

  

Figure 1: (A) Soot yield (Cs) as a function of equivalence ratio, pressure, and temperature, 

and (B) equivalence ratio vs. temperature representing the concept of simultaneous 

reduction of soot and NO [19]. 

Moving forward, an air-fuel mixture with a relatively poor homogeneity was reported to have 

higher soot and lower NO concentrations. This was attributed to relatively lower combustion 

temperatures attained due to a poor mixture formation. Furthermore, the opposite effect was 

observed for homogeneous mixtures with NO concentrations rising with growing combustion 

temperatures. Therefore, irrespective of the operating equivalence ratio and/or pressure, elevated 

temperatures lead to greater NO emissions and lower soot emissions. Alternatively, reduced 

temperatures yield more soot and less NO emissions; hence, forming a tradeoff.  

To simultaneously suppress both NO and soot emissions, it is important to understand the 

equivalence ratio versus temperature map shown in Figure 1(B). Here, point A denotes an 

imaginary point where the equivalence ratio and temperature are the largest during combustion. It 
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would be desirable to move towards point B since point A is close to the soot formation region. In 

order to achieve this, the authors suggest the following: 

1. CR: operating with an elevated CR generates a higher combustion temperature. However, the 

authors emphasized that the resulting higher cylinder pressure would lead to a significant 

expansion of the soot formation region which is not desirable.   

2. Heat transfer: by reducing the amount of heat transfer losses, it is possible to increase the 

combustion temperature.  

3. Ignition delay: reducing the ignition delay would shift point A towards point C. Importantly, 

reducing the ignition delay impairs the quality of the air-fuel mixture before SOC resulting in 

lower combustion temperatures. This would push combustion further into the soot formation 

region. Therefore, increasing the ignition delay would have the opposite effect; hence, aiding 

in moving point A towards B.  

Similar to CVCV, conventional DI CI engines are affected by the NOx-PM tradeoff. Here, 

complete oxidation of the fuel at relatively elevated temperatures results in lower PM emissions. 

However, this scenario is ideal for the formation of NOx as shown by the local equivalence ratio 

(f) vs. temperature map (Figure 2). Conversely, the combustion of rich mixtures at a comparatively 

lower combustion temperature diminishes NOx emissions. This results in higher PM emissions; 

thus, creating a tradeoff. The soot formation region in CI engines is relatively larger due to its use 

of elevated pressures. Furthermore, conventional combustion overlaps both NOx and soot 

formation regions. Hence, it is challenging to reduce NOx and PM simultaneously.   

Therefore, it is important to explore solutions that can mitigate NOx and PM emissions with 

minimal negative effects on combustion performance. Aftertreatment devices, alternative 
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combustion processes, and/or alternative fuels could aid in solving this tradeoff. Firstly, after-

treatment devices such as diesel particulate filters to trap PM, and selective catalytic reduction 

systems to treat NOx emissions have developed significantly in the last two decades [20]. However, 

these systems have considerable added cost and design challenges. Returning to the conclusions 

of Kamimoto et al., the authors suggested operating at a lower CR to reduce the soot formation 

region [19]. However, this negatively impacts performance capabilities. Following the second 

suggestion, a significant reduction in the quantity of combustion heat transfer to the 

ambient/cooling system could potentially seize the engine due to the thermal expansion of the 

piston. In comparison, increasing the ignition delay by changing the Fuel Injection Timing (FIT) 

and/or by using an Exhaust Gas Recirculation (EGR) strategy can move the combustion process 

towards reduced soot and NO formation regions. Moreover, implementing either (or both) of these 

methods is relatively straightforward.  

In this avenue, as mentioned earlier, LTC has the potential to beat the NOx-PM tradeoff [8]. The 

relatively lower combustion temperatures obtained in LTC restrict the NOx formation through the 

thermal NOx mechanism. Additionally, the extent of PM formation is lowered since the air-fuel 

mixture is relatively lean and homogeneous. Finally, using alternative fuels such as BD can assist 

in beating the NOx-PM tradeoff by introducing a fuel with added O2 content; hence, promoting a 

more homogeneous mixture with less fuel-rich pockets. In addition, utilizing BD assists in 

alleviating the dependence on fossil fuels. Moreover, life cycle analysis studies show that the 

amount of greenhouse gas emissions emitted by ULSD is significantly higher than BD [21-26]. 

Before discussing the combustion properties of ULSD and BD operating in the LTC mode, it is 

important to describe the critical combustion characteristic differences between BD and ULSD in 

the conventional regime.  
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Figure 2: Plot of local equivalence ratio vs. flame temperature with different LTC 

methodologies [27]. 

1.3 Differences in Conventional Combustion Characteristics of BD and ULSD 

Prior research shows that the physical and chemical properties of BD bear a significant influence 

on CI combustion performance and emissions characteristics [22, 28, 29]. In particular, the 

deviation of BD properties from ULSD in parameters such as fuel viscosity, density, molecular 

structure, Cetane Number (CN), and energy content impact the combustion process [22, 28-30]. 

Here, their influence on combustion parameters is categorized and explained briefly:  

1. Fuel viscosity and density: In general, the viscosity of vegetable oils are found to be about 10-

20 times greater than diesel fuel [31, 32]. After the conversion of these oils through 

transesterification, the viscosity of BD is around two times greater than conventional diesel 

fuel [31]. The reason for its comparatively high viscosity is due to BDôs elongated carbon-

carbon chain length and a greater number of double bonds [33]. The higher viscosity of BD 

hinders the fuel break-up and atomization process as the fuel droplets are relatively larger [34]. 
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This decreases the flame propagation speed leading to an increase in the combustion duration 

[35]. Furthermore, this effect is augmented if injection parameters are not normalized. Hence, 

the lower fuel penetration and larger fuel droplet size lead to an increase in the physical delay 

period. Besides, the reduction in fuel penetration causes the fuel injected to concentrate instead 

of uniformly dispersing across the combustion chamber, which is ideally desired. Typically, 

while employing a common-rail fuel injection system, the fuel injection pressure is increased 

marginally to compensate for this extended physical delay period [22]. This augmentation of 

fuel injection pressure reduces the fuel droplet size and improves the fuel dispersion as the fuel 

penetration is higher. Here, this drawback of poor atomization for neat BDs is one reason for 

utilizing BD-ULSD blends [22]. In addition, the higher density of the BD fuel causes an earlier 

injection (than intended) due to its relatively greater bulk modulus of compressibility. 

However, this effect is negligible when a common-rail fuel injection system is employed [22].  

2. Molecular structure: BD fuels are comparatively unsaturated due to the existence of a relatively 

larger number of double and triple bonds [36]. The degree of unsaturation of BD varies based 

on the feedstock utilized. A comprehensive study by Benjumea et al. describes that BDs with 

a higher degree of unsaturation have a longer ignition delay as the energy required to break the 

double bonds is relatively larger; hence, delaying the SOC [36]. Likewise, their study 

concludes that the Rate of Heat Release (ROHR), combustion temperature, and the magnitude 

of premixed combustion increases with the degree of unsaturation. Additionally, as the energy 

released through the dissociation of stable double bonds is comparatively more, the peak 

combustion temperature and ROHR were reported to increase with the degree of unsaturation 

[36]. Another important difference in the chemical composition of BD and ULSD is the O2 

content. Specifically, BDs comprise about 11% O2 by weight contrasted to approximately 0% 
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O2 in ULSD. This excess O2 assists with the oxidation of the fuel, and results in higher 

adiabatic flame temperature. However, the presence of O2 lowers the energy content of the fuel 

causing an increase in fuel consumption by about 12% as compared to ULSD to meet a demand 

engine load [28, 36-41].  

3. CN: The CN of BDs relies significantly on the structure of the fatty acid methyl esters of the 

feedstock from which the fuel is synthesized [42]. BDs inherently have a higher CN compared 

to ULSD that can potentially outweigh the earlier mentioned factors (i.e., viscosity and degree 

of unsaturation) on SOC. Here, a higher CN ensures a shorter ignition delay during the CI 

combustion of BD [43]. Additionally, BDs with longer chain structures have been reported to 

have higher CNs as compared to relatively unsaturated structures with a larger number of 

double bonds (shorter chains) [43].  

Regarding emissions from BD combustion, THC, CO, and PM emissions are generally lower due 

to enhanced oxidation and greater adiabatic flame temperatures [21, 36, 41, 44, 45]. Alternatively, 

NOx emissions have been generally reported to be higher due to the following reasons [21, 36, 41, 

44, 45]:  

1. Fuel structure: BD fuel comprises a higher number of double bonds of carbon (degree of 

unsaturation) compared to ULSD. Since the breaking of double bonds releases more energy 

(compared to carbon-hydrogen bonds), the rapid in-cylinder temperature and pressure growth 

can result in higher NOx emissions [28]. Also, the excess availability of O2 enhances the extent 

of fuel oxidation leading to elevated combustion temperatures; hence, an additional thermal 

NOx generation. 

2. CN: The larger CN of BD advances the SOC resulting in relatively higher in-cylinder 

temperatures leading to an enhanced thermal NOx formation kinetic process [1]. However, it 
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has been demonstrated that normalizing the peak combustion pressure timing of BD with 

ULSD removes the combustion timing effect, and NOx emissions can decrease [30].  

3. Energy content: Since the energy content of BD is lower in comparison to ULSD, more fuel is 

necessary to meet a required load condition [46]. This higher fuel quantity injected coupled 

with excess O2 availability can increase NOx emissions due to elevated combustion 

temperatures.  

4. Fuel viscosity: As described earlier, the combustion duration of BD is longer compared to 

conventional BD due to its higher viscosity. This provides more time for unburned fuel (HC) 

to adsorb to the PM formed. However, Qu et al. in their work state that the PM formed in the 

exhaust stream has a relatively low ignition temperature [35]. This is due to the presence of 

volatile organic fractions in BD emissions (PM in particular) compared to conventional ULSD. 

These fractions in the PM reduce the activation energy enabling oxidation of PM at lower 

temperatures. This is an inherent advantage of BD eliminating PM as compared to ULSD when 

a diesel particulate filter is enabled. Additionally, the average size of PM in BD exhaust is 

comparatively smaller enhancing the surface area of contact with the diesel particulate filter 

promoting oxidation.  

1.4 LTC  

In general, an engine is said to be in LTC mode if it is operating in a regime that is significantly 

shifted from conventional combustion such that NOx and PM can be lowered simultaneously [9, 

47, 48]. In LTC, following an extended ignition delay, a lean mixture that is homogenously 

distributed in the combustion chamber ignites simultaneously resulting in relatively lower 

temperatures. The use of an EGR system, where a portion of the exhaust gas is recirculated into 

the engine intake, assists in increasing the ignition delay [1]. Employing EGR elevates the 
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chemical delay period before SOC as a part of the O2 in the fresh charge is displaced by exhaust 

gasses. This additional time helps the air and fuel to atomize and form a relatively homogenous 

mixture. It is important to note that in DI CI engines, the air-fuel mixture is stratified irrespective 

of the ignition delay period. Nevertheless, any extension in the ignition delay period improves the 

homogeneity of the mixture compared to a conventional combustion mixture. The instantaneous 

combustion of this relatively homogeneous mixture reduces the temperature difference between 

the core combustion and bulk gasses. Furthermore, larger EGR molecules act as heat sinks (e.g., 

carbon dioxide (CO2) and water and lower the overall combustion temperature. Additionally, as 

seen in Figure 2, the temperature window in which soot emissions are formed is relatively low and 

the amount of soot formed at low equivalence ratios is negligible. Therefore, by operating 

significantly lean and controlling the combustion temperature to be below approximately 2200 K, 

it is possible to defeat the NOx-PM tradeoff. In addition to utilizing EGR, alternative strategies 

such as varying the FIT and injection pressure while lowering the CR are used to extend the 

ignition delay. 

Since there are several LTC variants, this section briefly introduces the important methodologies. 

In addition, this chapter aims to review the existing technology related to achieving LTC in CI 

engines using BD and ULSD as the fuel. Additionally, specific emphasis has been provided 

towards understanding the influence of fuel properties, such as viscosity, density, and CN on 

combustion performance and emission parameters. Likewise, the effect of various methods used 

to achieve LTC (e.g., FIT variations and EGR) are categorized to uniquely identify the cause and 

effect relationship. Finally, a brief conclusion is presented highlighting the advantages and 

disadvantages of various physical and operational parameters along with fuels on beating the NOx-

PM tradeoff.  



 

15 

 

1.4.1 Categories of LTC  

In general, LTC can be divided into Homogeneous Charge Compression Ignition (HCCI), 

Reactivity Controlled Compression Ignition (RCCI), and Partially Premixed Charge Compression 

Ignition (PPCI) based on the method of fuel injection and/or fuel blends utilized 

1. HCCI: In general, Port Fuel Injection (PFI), early injection, and Multi-Point Fuel Injection 

(MPFI) in conjunction with EGR are utilized to achieve HCCI [9, 19, 48-53]. The aim is to 

attain a lean and homogeneous air-fuel mixture that ignites instantaneously at several locations 

unlike conventional CI combustion (i.e., via a locally rich flame front) [48]. HCCI is a 

combination of SI combustion where the mixture is homogeneous before SOC and CI 

combustion where the charge depends on compression for ignition. Therefore, SOC is mostly 

controlled by the compression event and combustion phasing primarily depends on the 

Chemical Kinetics (CKs) of the reactions. The major advantage of HCCI is the simultaneous 

reduction of NOx and PM emissions [48]. However, since the characteristics of combustion 

are governed by the kinetic rates of the reactions, controlling SOC timing and combustion 

phasing are challenging [48, 52]. In addition, the evenly distributed homogeneous mixture 

induces rapid combustion in the cylinder due to simultaneous ignition and creates significant 

noise [48, 53]. Moreover, engine operation is generally restricted to low load conditions due 

to the rapid increase of in-cylinder pressure [48]. This effect is amplified in PFI and early 

injection systems due to SOC occurring before the completion of the compression stroke [53]. 

Additionally, the potential of cylinder wall wetting is relatively more which has a significant 

negative effect on both performance and emissions [52, 53]. This is due to the low temperature 

and pressure conditions of the combustion chamber at the time of fuel injection resulting in 

fuel penetration; thus, not favoring fuel vaporization and atomization. Consequently, the 
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amount of fuel participating in combustion reduces; hence, lowering the Indicated Mean 

Effective Pressure (IMEP). As a result, combustion efficiency deteriorates and results in 

increasing products of incomplete combustion (CO and THCs). In DI engines, narrowing the 

fuel injection spray cone angle has shown some promise in addressing wall wetting [50]. To 

improve control over SOC timing and combustion phasing, strategies such as MPFI, reducing 

the fuel spray cone angle, and decreasing the CR are utilized [48, 50, 52]. In an MPFI strategy, 

the fuel injected in the pilot breaks down into lower hydrocarbons and initiates low temperature 

reactions leading to cool flames [48, 50]. Consequently, the main fuel injection event triggers 

a high-temperature reaction [48]. Importantly, the fuel injection quantity timing of the pilot 

and main events assist in controlling SOC [53]. Moreover, injection rate modulations of the 

fuel pulse provides added control over the mixture preparation process to attain a homogeneous 

mixture [52]. Alternatively, control models could be employed to dynamically vary the 

injection timing to maintain a constant ignition delay period; hence, establishing control over 

the SOC [49].   

2. RCCI: This is a relatively new approach in which more than one fuel with different reactivities 

is employed. A comparatively low reactivity fuel is injected early (or PFI) to mix with the air 

and form a homogeneous mixture. Consequently, a higher reactivity fuel is injected closer to 

TDC that triggers the combustion event. Thus, by using a combination of fuels with different 

reactivities, low and high-temperature reactions can be controlled; thereby, assisting in 

controlling the combustion phasing [54]. Importantly, the low temperature reaction is delayed 

significantly due to the reduced activity of the pilot fuel [55]. Subsequently, once the higher 

reactivity fuel is injected, both low and high-temperature reactions occur in short succession. 

This leads to an enhanced premixed burn stage, as compared to conventional combustion 
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resulting in elevated thermal efficiencies (> 50%) [56]. In addition, the amount of fuel injected 

and timing can be manipulated to vary ignition delay, premixed and diffusion burn phases, the 

temperature of combustion, and the magnitude of low and high-temperature reactions [55, 56]. 

Another option is to split the main fuel injection strategy into multiple injections to enhance 

the control over combustion phasing [56]. Furthermore, EGR can provide additional control in 

manipulating the reactivity of the system. This effective control over the SOC can aid in 

maintaining an acceptable peak pressure rise [54]. Nevertheless, utilizing multiple fuels in 

existing vehicles requires substantial modifications to the fuel system. Moreover, there is an 

increased cost associated with implementing a dual fuel control system. Importantly, similar 

to HCCI, RCCI is also limited to low and partial load conditions [57]. Finally, fuel penetrating 

the crevice volume leading to an increase in THCs and CO emissions is common due to 

cylinder wall wetting caused by early injection (or PFI) [54, 56].  

3. PPCI: This option was specifically introduced to overcome the disadvantages of HCCI 

discussed earlier. In this variant, mixture preparation occurs within the cylinder between the 

fuel injection event(s) and SOC. For PPCI, relatively simple techniques including early 

injection, EGR, and lower injection pressures are utilized to provide an extended delay period 

for the air and fuel to form a relatively homogeneous mixture. Unlike HCCI, significant regions 

of the combustion chamber have fuel-rich mixtures before combustion. Therefore, PPCI will 

have comparatively poor performance parameters, and higher NOx emissions in comparison to 

HCCI; nevertheless, better than conventional combustion. Alternatively, CO and HC 

emissions are expected to be lower in PPCI compared to HCCI. Importantly, most commercial 

vehicles (and the authorôs laboratory) already have the systems and sensors necessary to 
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employ PPCI. Therefore, it is relatively easier to implement PPCI; hence, is the focus of this 

effort. 

1.4.2 Performance Analysis of ULSD and BD under PPCI: 

The influence of various techniques utilized to achieve PPCI and its influence on performance 

parameters are discussed in this section (emissions discussed in the subsequent section). The 

similarities between the combustion characteristics of BD and ULSD are presented first. 

Subsequently, the differences in the performance properties of BD and ULSD combustion are 

presented. Finally, the details of the experimental setup, methodology, and results obtained in the 

various studies considered in this study are summarized in Table 1.  

1. FIT: Advancing the FIT provides relatively more time for the air-fuel charge to form a 

homogeneous mixture prior to ignition. However, SOC occurs earlier than desired if 

combustion chamber conditions are suitable for auto-ignition. Thus, advancing the FIT 

marginally reduces the ignition delay period resulting in earlier onset of combustion [58, 59]. 

Subsequently, this leads to the peak combustion pressure and ROHR to occur earlier [60-63]. 

In most cases, this results in elevated combustion pressure and ROHR due to the double 

compression effect [60-62]. Consequently, combustion noise is relatively more [59]. 

Additionally, for marginal FIT advancements, the engine torque generated is slightly higher 

[58]. Moreover, both combustion and fuel conversion efficiencies are reported to improve in 

this condition [58, 62]. However, the amount of fuel required to maintain a preset engine torque 

or IMEP increases as the FIT is further advanced [63]. As a result, the BSFC increases 

gradually [59]. On the other hand, delaying the FIT closer to Top Dead Center (TDC) or further 

into the expansion stroke sharply increases the ignition delay [59, 61, 64]. Since SOC occurs 
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past the completion of the compression stroke, the resulting combustion pressure and ROHR 

are relatively less. Also, the ensuing combustion is predominantly a premixed burn phase [61]. 

Interestingly, the Indicated Specific Fuel Consumption (ISFC) slightly decreases for FIT past 

TDC [61, 63, 65]. This indicates an improvement in combustion efficiency [58].  

2. Rate of EGR: Increasing the rate of EGR affects the peak combustion pressure and ROHR 

negatively as it lowers the amount of O2 available for fuel oxidation [60, 61, 65-71]. Also, the 

rate of change of mass fraction burn is relatively low [68]. The comparatively heavy molecules 

contained in EGR act as a heat sink reducing the overall combustion temperature. In addition, 

the reduced O2 availability extends the ignition delay period [64, 66, 68, 70, 72, 73]. As a 

result, the peak combustion pressure is reduced and ROHR timing is delayed marginally [65, 

67, 70]. Moreover, the combustion, thermal, and fuel conversion efficiency declines gradually 

with increasing EGR rate [10, 62, 64, 72, 73]. This results in reduced engine torque generated 

or IMEP and an elevated ISFC [61, 65, 66, 70].  

3. Fuel injection pressure: Increasing the injection pressure reduces the size of the fuel droplets 

injected; hence, assisting in the atomization process. Thus, rising the injection pressure elevates 

the combustion pressure and ROHR by promoting an enhanced mixing process [60, 65, 69, 

71]. In addition, the BSFC marginally decreases [65]. However, fuel injection pressure has a 

negligible effect on the CA50 timing [59].  

4. Intake air pressure: Increasing the intake air pressure elevates the density of air in the 

combustion chamber which assists in the fuel atomization and mixture preparation process. As 

a result, the ignition delay is relatively less [64, 72]. In addition, the overall O2 concentration 

available for fuel oxidation is more; thus, improving thermal efficiency [64, 72].   
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5. In general, for a given set of engine operating conditions in the LTC mode, the differences in 

combustion performance parameters between ULSD and BD are: 

a. The ignition delay of BD is lower than ULSD due to its elevated CN [64, 66, 68, 72].  

b. Moreover, the burn rate of BD is faster than ULSD [59, 74].  

c. BD has a better combustion efficiency than ULSD due to the excess O2 contained in 

the fuel [10, 64, 72].  

d. BSFC of BD is lower than ULSD due to its superior combustion and thermal 

efficiencies [66]. 

e. The amount of fuel consumed to meet a required engine load is relatively higher with 

BD due to its lower energy content [63, 66, 70, 75].   

f. The combustion pressure and ROHR of BD is higher than ULSD as the amount of fuel 

injected is comparatively more [10, 59, 60, 63, 66, 67, 70, 71, 74, 75].  

g. Alternatively, if the amount of fuel injected is unchanged, the combustion pressure and 

ROHR of BD is less due to its lower energy content [65, 69].  
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Table 1: Experimental details and brief observations of the performance results of studies 

included in the literature review 

Engine Specifications Parameter 1 Parameter 2 Performance Refs. 

No. of cylinders: 1 

CR: 17.8 

Cylinder volume: 857 

(cm3) 

Aspiration: natural 

Engine speed: 1400 (rpm) 

Conventional FIT: 17° 

Before Top Dead Center 

(BTDC) 

Injection system: 

mechanical DI 

No. of injections: single 

EGR: yes 

Fuel: ULSD 

and BD from 

various 

feedstocks.  

(a) EGR 

sweep rate: 0 

to 55% at low 

load, and 0 to 

65% at 

medium 

load. 

(a) Increasing EGR: Ignition Delay (ID) ŷ for 

both fuels. Up to 8% Ź in Brake Mean 

Effective Pressure (BMEP) for BD and 18% 

for ULSD at high rates of EGR.   

(b) BD had ŷ combustion pressure and 

ROHR compared to ULSD at 0% EGR. Also, 

ID ŷ and BSFC Ź for ULSD compared to BD.  

[66] 

No. of cylinders: 1 

CR: 17.0 

Cylinder volume: 510.5 

(cm3) 

Aspiration: natural 

Engine speed: 1500 (rpm) 

Conventional FIT: 6° 

BTDC 

Injection system: 

common rail 

No. of injections: single  

EGR: yes 

(a) EGR 

sweep: 0 to 

48%.  

Fuel: ULSD, 

BD, and 

blends. 

Importantly, 

the CN of 

ULSD and 

BD were 

comparable.  

(b) Pilot FIT 

sweep: Pilot: 

22°, 18°, and 

14°, BTDC; 

main: 4° 

BTDC.  

(a) Increasing EGR: Combustion pressure, 

ROHR, and rate of change of Mass Fraction 

Burn (MFB) Ź for both fuels. Overall, 

combustion pressure, ROHR, and rate of 

change of MFB of BD was ŷ than ULSD. 

Also, the heat release rate was significantly Ź 

for the MPFI LTC mode compared to single 

injection conventional combustion. The 

CA50 timing gradually delayed for both 

fuels. Finally, combustion and thermal 

efficiency Ź for both fuels. 

(b) Advancing pilot FIT: The peak heat 

release rate occurs earlier. Additionally, the 

magnitude of peak heat release rate were 

comparable for ULSD; however, the peak 

heat release rate gradually Ź for BD. Also, the 

CA50 timing occurs earlier. 

For both cases, the CA50 timing was earliest 

for BD. Combustion and thermal efficiency 

were highest for the earliest pilot injection 

and BD.  

[68] 

No. of cylinders: 1 

CR: 16.7 

Cylinder volume: 477 

(cm3) 

Aspiration: natural 

Engine speed: 1500 and 

200 (rpm) 

Conventional FIT: 23.1° 

and 28.5° BTDC 

Injection system: 

common rail 

No. of injections: single 

EGR: yes 

FIT sweep: 

30° to 5° 

BTDC in 

steps of 2-3°. 

Fuel: ULSD, 

BD, and 

blends. 

For both low and medium load conditions, 

ULSD had comparatively Ź ROHR, and the 

peak ROHR timing was earlier for BD. 

Additionally, the CA10 to CA50 burn rate 

was relatively quicker for BD compared to 

ULSD. Interestingly, BD and ULSD had 

comparable CN values.  

[74] 
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Table 1 continued 

Engine Specifications Parameter 1 Parameter 2 Performance Refs.  

No. of cylinders: 4 

CR: 16.0 

Cylinder volume:  1700 

(cm3) 

Aspiration: turbocharged 

Engine speed: 1500 

(rpm) 

Conventional FIT: 7° 

BTDC 

Injection system:  

common rail 

No. of injections: single 

EGR: yes 

(a) FIT: 5°, 

7°, and 9° 

BTDC. 

Fuel: ULSD, 

BD, blends, 

and 

European 

diesel.  

(b) Injection 

pressure: 

800, 1000, 

and 1200 bar.  

(a) Advancing FIT: ID remained unchanged 

for ULSD while ID marginally Ź for BD. 

Also, SOI to crank angle position for 10% 

fuel burned significantly Ź for BD compared 

to ULSD. Finally, combustion noise ŷ for 

all fuels, and the combustion noise of BD ŷ 

than ULSD. Also, BSFC Ź for both fuels. 

However, BSFC Ź for ULSD compared to 

BD at all FIT setpoints. Comparable BSFC 

and fuel conversion efficiency for both fuels 

for FIT normalized for crank angle position 

for 50% fuel burned (CA50) timing. 

(b) Increasing injection pressure: Negligible 

effect on CA50 timing. 

(c)  Conventional FIT: ROHR for BD ŷ than 

ULSD. ROHR curve exhibited pre-

combustion indicating cool flames or low 

temperature release.    

(d) Overall, BD had a ŷ burning rate 

between crank angle position for 10% fuel 

burned and 50% compared to ULSD. 

[59] 

No. of cylinders: 4 

CR: 17.0 

Cylinder volume: 4500 

(cm3) 

Aspiration: turbocharged 

Engine speed:  1400 

(rpm) 

Conventional FIT: 8° 

BTDC 

Injection system: 

common rail 

No. of injections: single 

EGR: yes 

(a) 

Advancing 

FIT: 0° 

BTDC and 

conventional 

for constant 

engine load 

(68 N-m). 

(b) EGR 

sweep: 0 to 

50% for 

ULSD and 0 

to 46% for 

BD in six 

increments.  

(a) Advancing FIT: ŷ in combustion 

pressure and ROHR, and Ź in fuel 

conversion efficiency for both fuels. 

(b) Increasing EGR: Comparable fuel 

conversion efficiency at 8° BTDC FIT for 

both fuels. Also, the fuel conversion 

efficiency of BD remained constant for 8° 

BTDC FIT; however, it Ź gradually at 

higher EGR rates for ULSD. 

(c) Overall, peak combustion pressure, 

ROHR, and rate of heat transfer Ź for ULSD 

at high EGR rates due to poor combustion 

phasing.  

[62] 

No. of cylinders: 1 

CR: 17.8 

Cylinder volume: 857 

(cm3) 

Aspiration: natural 

Engine speed: 1400 

(rpm) 

Conventional FIT: 17.0° 

BTDC 

Injection system: 

common rail 

No. of injections: single 

EGR: yes 

(a) PFI 

pulses: 5 and 

8 injections.   

(b) 

Combination: 

4 and 8 PFI 

pulses and 

main 

injection at 

17°BTDC. 

(a) PFI pulses: The combustion pressure ŷ 

for the 5 pulsed PFI compared to 8 pulses. 

(b) Combination injection: The combustion 

pressure and ROHR for the 4 PFI pulses 

were ŷ than the 8 PFI pulses.  

However, the conventional combustion 

required relatively less fuel to achieve the 

needed engine load.  

[75] 

 

 



 

23 

 

Table 1 continued 

Engine Specifications Parameter 1 Parameter 2 Performance Refs. 

No. of cylinders: 1 

CR: 17.4 

Cylinder volume: 1000 

(cm3) 

Aspiration: turbocharged 

Engine speed:  1400 (rpm) 

Conventional FIT: Maximum 

Brake Torque (MBT) 

Injection system: common 

rail 

No. of injections: single 

EGR: yes (artificial) 

(a) Intake O2 

concentration: 

5 to 19% by 

volume.    

(b) Intake 

pressure: 100 

to 250 kPa, in 

steps of 50 

kPa. 

(a) Increasing intake O2 concentration: 

The residual mass remains relatively 

constant initially before ŷ sharply for O2 

less than 8%. Additionally, the residual 

mass fraction and ID Ź, and thermal 

efficiency ŷ for both fuels. 

(b) Increasing intake pressure: Initially, 

thermal efficiency ŷ gradually for both 

fuels. Subsequently (BD: 150 kPa ULSD: 

200 kPa), efficiency gradually Ź at higher 

pressures. 

(c) Overall, ŷ thermal efficiency and Ź ID 

for BD at all O2 concentrations and intake 

pressures compared to ULSD. 

[72] 

No. of cylinders: 1 

CR: 18.4 

Cylinder volume:  708 (cm3) 

Aspiration: natural with high 

swirl 

Engine speed: 2100 (rpm) 

Conventional FIT: 10° 

BTDC 

Injection system: mechanical 

DI 

No. of injections: single 

EGR: yes 

Constant 

equivalence 

ratio 

(a) EGR 

sweep: 0, 

11.5, 16.6, 

and 24.0%.  

High swirl 

ratio piston 

design: no 

comparison 

presented.  

(a) Increasing EGR: Ź in combustion 

pressure, and delayed peak pressure 

timing for both fuels. Also, ROHR Ź for 

ULSD and ŷ for BD. Single ROHR peak 

indicating pre-mix burn.  

(b) ULSD combustion pressure Ź 

compared to BD for all EGR rates 

considered, and the engine was restricted 

to low load conditions.  

[67] 

No. of cylinders: 4 

CR: 17.0 

Cylinder volume: 4500 

(cm3) 

Aspiration: turbocharged 

Engine speed:  1400 (rpm) 

Conventional FIT: 8° BTDC 

Injection system: common 

rail 

No. of injections: single 

EGR: yes 

(a) FIT 

sweep: 8° to 

0° BTDC in 

2° 

increments. 

EGR rate: 

Maximum 

achievable, 

i.e, 50% for 

ULSD and 

47% for BD. 

Fuel: ULSD, 

BD, and B20. 

(a) Delaying FIT: Engine torque and 

combustion efficiency Ź as FIT was 

delayed for ULSD. This effect was less 

for BD. Additionally, ID ŷ for delayed 

FIT. Overall, ID Ź for BD at all points.  

[58] 
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Table 1 continued 

Engine Specifications Parameter 1 Parameter 2 Performance Refs. 

No. of cylinders: 1 

CR: 17.4 

Cylinder volume: 988 

(cm3) 

Aspiration: turbocharged 

Engine speed: 1400 

(rpm) 

Conventional FIT: MBT 

Injection system: 

common rail 

No. of injections: single 

EGR: yes (artificial) 

(a) FIT: 9° to 

-12° BTDC 

in 1° 

increment.  

(b) Intake O2 

concentration: 

13, 15, and 

17%.  

Intake air 

pressure: 1, 2, 

and 2.5 bar.  

(a) Delaying FIT: ID stayed relatively 

constant initially before, ŷ sharply for FIT 

after a certain CA position (close to TDC). 

This point was delayed as the intake pressure 

and/or the O2 concentration ŷ. 

(b) Increasing intake O2 concentration and air 

pressure: ID Ź for both fuels. However, ID of 

ULSD ŷ than BD at all points considered. 

Thermal efficiency ŷ for ŷ intake O2 

concentration and boost pressure.  

(c) Thermal efficiency of BD less sensitive 

for changing intake O2 concentration. 

Overall, the thermal efficiency of BD better 

than ULSD at all settings considered.  

[64] 

No. of cylinders: 4 

CR: 15.0 

Cylinder volume: 1700 

(cm3) 

Aspiration: turbocharged 

Engine speed:  1500 

(rpm) 

Conventional FIT: not 

specified 

Injection system: 

common rail 

No. of injections: single 

EGR: yes 

(a) EGR rate: 

0%, 35, 40, 

and 45%. 

Fuel: ULSD, 

BD, and 

blends.  

CA50 timing 

normalized 

FIT sweep. 

Importantly, 

FIT timing 

was adjusted 

such that 

CA50 timing 

varied 

between 13.0° 

and 21° 

ATDC.  

(a) Increasing EGR rate: Combustion 

efficiency Ź for both fuels. The efficiency of 

BD ŷ than ULSD in both conventional (0% 

EGR) and LTC modes. 

(b) In-cylinder pressure and ROHR slightly Ź 

for ULSD compared to BD in both modes.  

[10] 

No. of cylinders: 4 

CR: 17.0 

Cylinder volume: 4500 

(cm3) 

Aspiration: turbocharged 

Engine speed: 1400 

(rpm) 

Conventional FIT: not 

specified 

Injection system: 

common rail 

No. of injections: single 

and MPFI 

EGR: yes 

(a) FIT 

sweep:  

Single: 20° 

to -5° BTDC.  

Double: 15% 

pilot: 30° to 

15° BTDC 

and main at 

5° ATDC. 

(b) Fuel 

injection 

pressure: 150 

and 180 MPa. 

(c) EGR: 0% 

and 30%.  

Fuel: BD, 

ULSD, and 

blends. 

(a) MPFI (main injection at 5° ATDC with 

85% by volume): Two distinct pressure and 

ROHR peaks. 

(b) Increasing injection pressure: 

Combustion pressure and ROHR ŷ for both 

fuels. 

(c) Increasing EGR: Combustion pressure 

and ROHR Ź for single and MPFI injection 

events for both fuels. 

(d) Peak pressure magnitude ŷ for ULSD 

compared to BD at all EGR and FIT settings. 

Importantly, the amount of fuel injected was 

fixed.  

[69] 
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Table 1 continued 

Engine Specifications Parameter 1 Parameter 2 Performance Refs. 

No. of cylinders: 4 

CR: 18.2 

Cylinder volume: 1998 

(cm3) 

Aspiration: turbocharged 

Engine speed: 1500 (rpm) 

Conventional FIT: not 

specified 

Injection system: 

common rail 

No. of injections: single 

EGR: yes 

(a) FIT 

sweep: 

Single: 

12.5°, 5°, 0°, 

-5°, and -

12.5° BTDC. 

Fuel 

injection 

quantity 

adjusted to 

maintain 

8bar IMEP.  

(b) EGR 

sweep: 0% to 

80% in 10% 

increments. 

Fuel: ULSD, 

canola oil, 

soybean oil, 

tallow and 

yellow 

grease.  

(a) Advancing FIT: Combustion pressure and 

ROHR ŷ, and peak pressure and ROHR 

timing advance for both fuels. However, the 

cyclic variability was more in ULSD. For 

FIT at or before TDC, ROHR indicated both 

premixed and diffusion phases. However, 

only premix burn observed for FIT after 

TDC. ID and ISFC stayed relatively constant 

for FIT before TDC. However, ID ŷ sharply 

for FIT after TDC. 

(b) Increasing EGR: Peak combustion 

pressure gradually Ź for both fuels. ISFC 

stayed mostly unchanged initially 

(conventional combustion); but, it ŷ 

gradually for EGR rate more than 50% (LTC) 

for both fuels. ISFC of BD was ŷ than ULSD 

at all points.  

[61] 

No. of cylinders: 1 

CR: 15.0 

Cylinder volume:  425 

(cm3) 

Aspiration: turbocharged 

Engine speed:  1500 

(rpm) 

Conventional FIT: MBT 

Injection system: 

common rail 

No. of injections: single 

EGR: yes 

(a) IMEP 

sweep: 0.2 to 

0.7 MPa in 

steps of 0.05 

MPa.  

Fuel: ULSD, 

BD, and BD-

ethanol 

blend.  

(b) Intake 

pressure: 120 

kPa and 150 

kPa.  

EGR rates 

greater than 

40% and 

adjusted to 

maintain 

NOx below 

1g/kg-fuel.  

(a) Increasing engine IMEP: Gradually ŷ in 

equivalence ratio to achieve the required 

engine load. Equivalence ratio of ULSD and 

BD comparable at all IMEPs. Additionally, 

gradual ŷ in ID for both fuels. ID of BD Ź 

than ULSD at all points. Initially (at lower 

IMEP), combustion efficiency gradually ŷ 

for both fuels. However, efficiency Ź beyond 

0.6 MPa for ULSD and beyond 0.65 MPa for 

BD. Hence, high efficiency operating range 

with BD than ULSD. 

(b) Increasing intake pressure: ŷ in 

combustion efficiency recorded at all IMEP 

setpoints for BD.  

[47] 

No. of cylinders: 4 

CR: 18.4 and 14.4 

Cylinder volume: 1998 

(cm3) 

Aspiration: turbocharged 

Engine speed: 1600 (rpm) 

Conventional FIT: 20° 

BTDC 

Injection system: 

common rail 

No. of injections: single 

EGR: yes 

Fuel: ULSD 

(CR: 18.4) 

and BD (CR: 

14.4).  

(a) 

Increasing 

EGR: 44 to 

60% EGR.  

(b) Injection 

pressure: 

600, 800, and 

1000 bar. 

(c) FIT 

sweep: 10, 

20, 25, and 

30° BTDC.  

(a) Increasing EGR: Gradual advancement in 

CA50 timing and Ź in rate of pressure rise for 

both fuels.  

(b) Increasing fuel injection pressure: The 

rate of pressure rise and ROHR ŷ, and CA50 

timing was earlier for both fuels.  

(c) Advancing FIT: Gradually ŷ rate of 

pressure rise and advancement in CA50 

timing. Additionally, the peak ROHR 

advances and ŷ.  

Overall, combustion pressure and ROHR 

were marginally ŷ for BD compared to 

ULSD. However, important to note that CR 

ŷ for ULSD compared to BD.  

[60] 
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Table 1 continued 

Engine Specifications Parameter 1 Parameter 2 Performance Refs. 

No. of cylinders: 2 

CR: 17.5 

Cylinder volume: not 

included  

Aspiration: natural 

Engine speed:  1500 

(rpm) 

Conventional FIT: not 

included 

Injection system: DI and 

PFI 

No. of injections: single 

and PFI 

EGR: yes 

(a) DI and 

PFI 

(b) Piston 

geometry: 

Bowl piston 

and dish 

piston.  

(c) BMEP 

sweep: 0.75 

to 4.75 bar in 

steps of 1 

bar.  

(d) EGR: 0% 

and 20%. 

Bowl type piston recorded Ź combustion 

temperature and ŷ duration of combustion.  
[76] 

No. of cylinders: 4 

CR: 17.0 

Cylinder volume: 4483 

(cm3) 

Aspiration: turbocharged 

Engine speed: 1400 (rpm) 

Conventional FIT: 8° 

BTDC 

Injection system: 

common rail 

No. of injections: single 

EGR: yes 

(a) 

Combination 

of delaying 

FIT and 

increasing 

EGR.  

Conventional 

settings: FIT 

8° BTDC and 

0% EGR. 

LTC 

settings: FIT 

0° BTDC and 

42% EGR. 

(b) EGR 

sweep: 0, 35, 

and 42% 

EGR.  

Fuel: ULSD 

and BD. 

(a) Combination of delaying FIT and ŷ in 

EGR: ROHR ŷ for ULSD and Ź for BD. 

Unlike ULSD, BD did not represent Negative 

Temperature Coefficient (NTC) behavior. 

Alternatively, both the fuels represent 

distinct low temperature heat release and 

high temperature heat release. Also, the 

engine torque generated ŷ for BD, while it Ź 

for ULSD. 

(b) Increasing EGR: The ROHR was 

comparable for BD, while it Ź significantly 

for ULSD. Also, the peak ROHR timing 

delayed for both fuels. ID gradually ŷ for 

ULSD. On the other hand, ID ŷ initially at 

low EGR rates of EGR. Subsequently, ID Ź 

for 42% EGR.  

[70] 

No. of cylinders: 1 

CR: 19.5 

Cylinder volume: 300 

(cm3) 

Aspiration: natural 

Engine speed:  1500 

(rpm) 

Conventional FIT: ° 

BTDC 

Injection system: 

common rail 

No. of injections: single 

EGR: no 

(a) FIT: 3° 

After Top 

Dead Center 

(ATDC), 10° 

and 25° 

BTDC.  

Fuel: ULSD, 

BD, and 

blends. 

(a) Advancing the FIT: ISFC and the amount 

of fuel consumed to maintain a constant 

IMEP gradually ŷ for both fuels. ISFC and 

fuel injection quantity ŷ for BD compared to 

ULSD.  

Additionally, earlier SOC and ŷ in peak 

pressure and ROHR for both fuels. For 10° 

and 25° BTDC fuel injection events, peak 

combustion pressure and ROHR ŷ for BD. 

However, they were Ź for BD at 3° ATDC 

FIT.   

[63] 
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Table 1 continued 

Engine Specifications Parameter 1 Parameter 2 Performance Refs. 

No. of cylinders: 4 

CR: 16.57 

Cylinder volume: 4500 

(cm3) 

Aspiration: turbocharged 

Engine speed: 1400 (rpm) 

Conventional FIT: 8° 

BTDC 

Injection system: 

common rail 

No. of injections: single 

EGR: yes 

Baseline 

settings:  

FIT: 8° 

BTDC; EGR: 

0%; Fuel 

Injection 

Pressure 

(FIP): 1000 

bar. 

LTC settings: 

FIT: 0° 

BTDC; 

varying EGR 

and FIP. 

(a) 

Increasing 

EGR: 10 to 

36% in 

several steps.  

(b) 

Increasing 

FIP: 600 to 

1400 bar in 

steps of 200 

bar.  

Fuel: ULSD, 

BD, and 

blends 

(a) Increasing EGR: Ź ROHR and bulk gas 

temperature, and delayed peak ROHR timing 

for both fuels. ROHR and bulk gas 

temperature of BD Ź than ULSD. 

Additionally, comparable thermal efficiency 

with changing EGR for both fuels. However, 

the thermal efficiency of BD Ź than ULSD at 

all points considered. 

(b) Increasing FIP: ŷ in ROHR for both fuels 

between 600 and 1000 bar; however, it 

begins to Ź for FIP more than 1200 bar.  

Overall, ROHR of BD ŷ than ULSD at all 

FIP points considered.  

[71] 

No. of cylinders: 4 

CR: 15.0 

Cylinder volume: 1700 

(cm3) 

Aspiration: natural 

Engine speed: 1500 (rpm) 

Conventional FIT: CA50 

at 12±1.5° BTDC 

Injection system: 

common rail 

No. of injections: single 

EGR: yes 

Increasing 

EGR or 

decreasing 

intake O2 

concentration 

Fuel: ULSD, 

BD, and 

blends. 

(a) Increasing time after the start of injection: 

Gradual ŷ in spray tip penetration. The fuel 

penetration was ŷ for BD compared to 

ULSD. Additionally, spray cone angle ŷ 

initially with time; however, it remains 

relatively constant subsequently for both 

fuels. Also, the spray cone angle ŷ for ULSD 

compared to BD. 

(b) Increasing EGR or reducing intake O2 

concentration: The equivalence ratio and ID 

ŷ for both fuels. Alternatively, the 

equivalence ratio of BD and ID of ULSD 

were ŷ respectively at all EGR points. 

Additionally, combustion and thermal 

efficiency Ź for both fuels with rising EGR. 

However, they were comparable for both 

fuels.   

[73] 

No. of cylinders: 4 

CR: 17.0 

Cylinder volume: 4500 

(cm3) 

Aspiration: turbocharged 

Engine speed: 1400 (rpm) 

Conventional FIT: 10° 

BTDC 

Injection system: 

common rail 

No. of injections: single 

EGR: yes 

(a) EGR: 0 

and 30%.  

(b) MPFI: 

Pilot FIT 

sweep (15% 

by volume) - 

35° to 15° 

BTDC; and 

Main (85% 

volume) - 5° 

ATDC.  

(c) Single 

FIT sweep: 

20° BTDC to 

5° ATDC.  

(d) Injection 

pressure: 150 

and 180 

MPa.  

Fuel 

injection 

quantity was 

fixed at 

50mg/cycle 

for all 

setpoints.  

(a) Increasing EGR: Ź in combustion 

pressure and ROHR, and delayed peak 

combustion pressure and ROHR for both 

fuels. Also, ŷ BSFC for both fuels. 

(b) MPFI vs. single injection: FITs selected 

for the sweep for the single and MPFI were 

not similar; hence, a comparison is difficult.  

(c) Advancing single FIT: BSFC was least 

for an optimum FIT. Advancing or retarding 

the FIT ŷ the BSFC for both fuels. 

(d) Increasing injection pressure: ŷ in 

combustion pressure and BSFC for both 

fuels. 

Overall, combustion pressure and ROHR 

was Ź, and BSFC ŷ for BD compared ULSD.  

[65] 
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1.4.3 Emissions Analysis of ULSD and BD under PPCI: 

1. FIT: As discussed earlier, advancing the FIT leads to earlier onset of combustion. This provides 

excess time for energy loss through heat transfer. As compensation, the amount of fuel required 

to meet the required load increases resulting in an elevated combustion pressure and 

temperature. This effect generates higher NOx emissions [10, 58-64, 68-70]. For the same 

reason, the early injection causes lower CO, THC, and soot/PM emissions [58-61, 64, 68, 69]. 

On the other hand, delaying the FIT closer to or after TDC increases CO, THC, and soot/PM 

emissions; while reducing NOx emissions [10, 58-60, 62, 64, 69].  

2. Rate of EGR: As described earlier, increasing the rate of EGR reduces the combustion 

temperature and ROHR. Thus, NOx emissions gradually decline with increasing EGR rate [10, 

60-62, 65, 67-70, 72, 73, 75]. Additionally, the limited availability of O2 hinders the fuel 

oxidation process resulting in worsened combustion and thermal efficiencies. As a result, 

soot/PM emissions are elevated [10, 60-62, 64, 65, 67-73]. On the other hand, the combustion 

regime shifts to LTC at high rates of EGR due to the dominance of low-temperature CKs. In 

this regime, soot/PM emissions begin to decline gradually with increasing EGR rates [61, 66, 

68]. However, CO and HC emissions in the LTC region are relatively high [61, 66, 68].      

3. Fuel injection pressure: As described earlier, increasing the fuel injection pressure improves 

fuel atomization; hence, better combustion and thermal efficiencies. Therefore, elevating the 

fuel injection pressure results in higher NOx along with lower soot/PM, THC, and CO 

emissions [60, 65, 69, 71].   

4. Intake air pressure: Increasing the intake air pressure rises the concentration of O2 available 

for fuel oxidation, and aids in reducing the ignition delay period. Most of the results presented 

in the literature utilize moderately high intake pressures to ensure engine safety while operating 
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in the PPCI regime. Due to this, there is a negligible difference in emissions observed while 

using boosted intake pressures [47, 72].  

5. In general, for a given set of engine operating conditions in the LTC mode, the differences in 

emissions between ULSD and BD are: 

a. NOx emissions: PPCI combustion with BD generates higher NOx emissions as 

compared to ULSD due to the excess availability of O2, an increase in the amount of 

fuel injected to match the engine load setting, and the resulting higher combustion 

temperatures [61, 63-66, 69, 72]. Importantly, NOx emissions from PPCI combustion 

of ULSD and BD are comparable if the FIT is normalized to match the CA50 timing 

[59]. On the other hand, multiple researchers obtained lower NOx emissions with PPCI 

combustion of BD [10, 68, 73, 75].   

b. Soot/PM, CO, and THC emissions: As mentioned earlier, the O2 contained in BD 

elevates the oxidation of the fuel and assists in improving combustion efficiency. Thus, 

the products of incomplete combustion products such as PM, CO, and THC are 

relatively low in PPCI combustion of BD compared to ULSD [60-66, 69-72, 74]. 

Unlike NOx emissions, CO and THC emissions are relatively lower for BD compared 

to ULSD when the FIT is normalized to match the CA50 timing [59].  
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Table 2: Experimental details and brief observations of the emission results of studies 

included in the literature review 

Engine Specifications Parameter 1 Parameter 2 Performance Refs. 

No. of cylinders: 1 

CR: 17.8 

Cylinder volume: 857 

(cm3) 

Aspiration: natural 

Engine speed: 1400 (rpm) 

Conventional FIT: 17° 

BTDC 

Injection system: 

mechanical DI 

No. of injections: single 

EGR: yes 

Fuel: Canola, 

soy, yellow 

grease-

derived BD, 

and ULSD. 

(a) EGR 

sweep rate: 0 

to 55% at low 

load, and 0 to 

65% at 

medium 

load. 

(a) Increasing EGR rate: NOx Ź and soot ŷ for 

both fuels. However, soot Ź for prolonged ID 

(i.e. ID 50% more than the 0% EGR case). 

Soot and NOx Ź simultaneously at high rates 

of EGR.  

For 0% EGR: THC, CO, and soot emissions 

Ź, and NOx emissions ŷ for BD compared to 

ULSD.  

[66] 

No. of cylinders: 4 

CR: 17.0 

Cylinder volume: 4500 

(cm3) 

Aspiration: turbocharged 

Engine speed:  1400 

(rpm) 

Conventional FIT: 8° 

BTDC 

Injection system: 

common rail 

No. of injections: single 

EGR: yes 

(a) 

Advancing 

FIT: 0° 

BTDC and 

conventional 

for constant 

engine load 

(68 N-m). 

(b) EGR: 0 to 

50% for 

ULSD and 0 

to 46% for 

BD in six 

increments. 

(a) Advancing FIT: NOx and smoke 

emissions ŷ for both fuels. On the other hand, 

CO and HC emissions ŷ marginally for 

ULSD. However, CO and HC were 

comparable for BD.   

(b) Increasing EGR: At low EGR levels, 

relatively flat CO and HC emissions. 

However, gradually Ź NOx and ŷ smoke 

emissions.  

(c) At 0% EGR: NOx ŷ for ULSD at both 8Á 

and 0° BTDC FIT.  

(d) For 0° BTDC FIT, ULSD produced about 

24 times ŷ HC and 8 times ŷ CO compared to 

BD at high EGR rates.  

[62] 

No. of cylinders: 2 

CR: 17.5 

Cylinder volume: NA 

(cm3) 

Aspiration: natural 

Engine speed:  1500 

(rpm) 

Conventional FIT: NA 

Injection system: DI and 

PFI 

No. of injections: single 

and PFI 

EGR: yes 

(a) DI and 

PFI 

(b) Piston 

geometry: 

Bowl piston 

and dish 

piston.  

Fuel: BD. 

(c) BMEP 

sweep: 0.75 

to 4.75 bar in 

steps of 1 

bar.  

(d) EGR: 0% 

and 20%. 

(a) Increasing BMEP with 0% EGR: Linear 

ŷ in smoke, and gradual Ź in CO and HC 

emissions. Alternatively, NOx emissions 

vary depending on the various methods 

utilized. 

(b) DI vs. PFI for ŷ BMEP: CO and HC 

emissions Ź, and NOx and smoke emissions 

ŷ for DI at all BMEP points considered.  

(c) Bowl vs. dish piston for ŷ BMEP: 

Marginally Ź CO and HC, and ŷ smoke and 

NOx emissions for dish piston geometry.  

(d) Increasing BMEP with 20% EGR: 

Relatively Ź NOx, and ŷ smoke, CO, and HC 

emissions. 

[76] 
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Table 2 continued 

Engine Specifications Parameter 1 Parameter 2 Performance Refs. 

No. of cylinders: 1 

CR: 18.4 

Cylinder volume:  708 

(cm3) 

Aspiration: natural with 

high swirl 

Engine speed: 2100 (rpm) 

Conventional FIT: 10° 

BTDC 

Injection system: 

mechanical 

No. of injections: single 

EGR: yes 

Constant 

equivalence 

ratio  

(a) EGR 

sweep: 0, 

11.5, 16.6, 

and 24.0%.  

High swirl 

ratio piston 

design: no 

comparison 

presented.   

(a) Increasing EGR: Gradual ŷ in smoke and 

Ź in NOx for both fuels. Additionally, HC 

and CO emissions gradually ŷ for both 

fuels.  

(b) Contrary to popular findings, CO and 

THC ŷ for BD at all EGR rates considered. 

Importantly, presented emissions were not 

normalized (ppm instead of g/kW-hr).  

[67] 

No. of cylinders: 4 

CR: 17.0 

Cylinder volume: 4500 

(cm3) 

Aspiration: turbocharged 

Engine speed: 1400 (rpm) 

Conventional FIT: 10° 

BTDC 

Injection system: 

common rail 

No. of injections: single 

EGR: yes 

(a) EGR: 0 

and 30%.  

(b) MPFI: 

Pilot FIT 

sweep (15% 

volume) - 

35° to 15° 

BTDC; and 

Main (85% 

volume) - 5° 

ATDC.  

(c) Single 

FIT sweep: 

20° BTDC to 

5° ATDC.  

(d) Injection 

pressure: 150 

and 180 

MPa.  

Fuel 

injection 

quantity was 

fixed at 50 

mg/cycle for 

all setpoints.  

(a) Increasing EGR: Gradually Ź NOx and ŷ 

soot, CO, and HC emissions for both fuels.  

(b) MPFI vs. single injection: NOx Ź for 

MPFI. Additionally, and soot ŷ in most 

points considered. However, soot emissions 

were comparable for select few setpoints. 

(c) Advancing FIT: NOx and soot emissions 

were least at an optimum FIT. However, 

advancing or delaying FIT away from this 

optimum point resulted in ŷ NOx and soot 

emissions for both fuels. Similarly, 

advancing FIT caused ŷ in both CO and 

THC emissions. 

(d) Increasing injection pressure: ŷ NOx, 

and Ź soot, CO, and THC emissions for both 

fuels.  

Overall, ŷ NOx and Ź soot, CO, and THC 

for BD compared to ULSD at all points 

considered.  

[65] 

No. of cylinders: 4 

CR: 16.0 

Cylinder volume:  1700 

(cm3) 

Aspiration: turbocharged 

Engine speed: 1500 (rpm) 

Conventional FIT: 7° 

BTDC 

Injection system:  

common rail 

No. of injections: single 

EGR: yes 

(a) FIT: 5°, 

7°, and 9° 

BTDC. 

(b) Injection 

pressure: 

800, 1000, 

and 1200 

bar.  

Fuel: ED, 

ULSD, BD, 

and blends.  

(a) Advancing FIT: NOx and soot emissions 

ŷ while CO and THC emissions Ź for both 

fuels. 

(b) FIT normalized for CA50: NOx 

emissions of ULSD and BD were 

comparable. However, HC and soot 

emissions Ź for BD than ULSD for all FIT 

considered.  

[59] 
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Table 2 continued 

Engine Specifications Parameter 1 Parameter 2 Performance Refs. 

No. of cylinders: 1 

CR: 17.4 

Cylinder volume: 988 

(cm3) 

Aspiration: turbocharged 

Engine speed: 1400 

(rpm) 

Conventional FIT: MBT 

Injection system: 

common rail 

No. of injections: single 

EGR: yes (artificial) 

(a) FIT: 9° to 

-12° BTDC 

in 1° 

increment.  

(b) Intake O2 

concentration: 

13, 15, and 

17%.  

(c) Intake air 

pressure: 1, 2, 

and 2.5 bar.  

(a) Delaying FIT:  Gradual Ź in NOx for both 

fuels. Also, smoke emissions ŷ initially. 

However, smoke Ź for FIT near TDC and 

later.  CO and THC emissions stayed 

relatively constant initially. Subsequently, it 

ŷ sharply for FIT after a certain CA position 

(close to TDC). It was recognized that this 

CA position was delayed for ŷ in intake 

pressures and O2 concentrations. 

(b) Increasing intake O2 concentration and air 

pressure: NOx emissions ŷ, and CO and THC 

emissions Ź for both fuels. The rate of change 

of smoke emissions were subtle.  

(c) NOx emissions ŷ, and CO and THC 

emissions Ź for BD compared to ULSD. 

Simultaneous reduction of smoke and NOx 

for late FIT.  

[64] 

No. of cylinders: 1 

CR: 17.4 

Cylinder volume: 1000 

(cm3) 

Aspiration: boosted 

Engine speed:  1400 

(rpm) 

Conventional FIT: MBT 

Injection system: 

common rail 

No. of injections: single 

EGR: yes (artificial) 

(a) Intake O2 

concentration: 

5 to 19% by 

volume.    

(b) Intake 

pressure: 100 

to 250 kPa, in 

steps of 50 

kPa. 

(a) Decreasing O2 concentration: NOx Ź for 

both fuels. For O2 Ź than 8%, sharp ŷ in THC 

and CO for both fuels. Negligible CO and 

THC for O2 ŷ than 10% for both fuels. 

(b) Increasing intake pressure: No evident 

NOx emission pattern observed. Also, 

negligible effect on THC and CO. 

(c) Overall, NOx ŷ, and CO and THC Ź for 

BD compared to ULSD at all points 

considered. 

[72] 

No. of cylinders: 1 

CR: 17.0 

Cylinder volume: 510.5 

(cm3) 

Aspiration: natural 

Engine speed: 1500 

(rpm) 

Conventional FIT: 6° 

BTDC 

Injection system: 

common rail 

No. of injections: single  

EGR: yes 

(a) EGR 

sweep: 0-

48%.  

Fuel: ULSD, 

BD, and 

blends. 

Importantly, 

the CN of 

ULSD and 

BD are 

comparable.  

(b) Pilot FIT 

sweep: Pilot: 

22°, 18°, and 

14°, BTDC; 

main: 4° 

BTDC.  

(a) Increasing EGR: For both the fuels, NOx 

emissions gradually Ź, while CO and THC 

emissions ŷ. PM emissions ŷ initially for low 

EGR rates. However, PM Ź for O2 

concentration less than 18%.  

(b) Advancing pilot FIT: NOx emissions 

gradually ŷ, and PM, CO and THC emissions 

Ź for both ULSD and BD. 

NOx emissions were least for late injection. 

Similarly, CO and THC emissions were least 

for early injection at all EGR points. (c) 

Finally, BD had the least emissions in most 

FIT and EGR setpoints considered.  

[68] 
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Table 2 continued 

Engine Specifications Parameter 1 Parameter 2 Performance Refs. 

No. of cylinders: 4 

CR: 15.0 

Cylinder volume: 1700 

(cm3) 

Aspiration: turbocharged 

Engine speed:  1500 

(rpm) 

Conventional FIT: 

pilot/main 

Injection system: 

common rail 

No. of injections: single 

EGR: yes 

(a) EGR rate: 

0%, 35, 40, 

and 45% 

(b) CA50 

timing 

normalized 

FIT sweep. 

Importantly, 

CA50 timing 

varied 

between 

13.0° and 21° 

ATDC.  

(a) Increasing EGR rate: NOx emissions Ź, 

and THC, CO, and soot ŷ for both fuels. 

Additionally, THC, soot, and NOx 

marginally Ź for BD compared to ULSD. 

(b) Delaying CA50 timing: Soot and NOx 

emissions gradually Ź for both the fuels. Soot 

and NOx emissions were Ź for BD at all FIT 

events considered. 

(c)  PM particle size distribution similar for 

both fuels, but PM particle size of BD Ź 

compared to ULSD in both modes.  

[10] 

No. of cylinders: 4  

CR: 17.0 

Cylinder volume: 4500 

(cm3) 

Aspiration: turbocharged 

Engine speed: 1400 (rpm) 

Conventional FIT: Not 

specified 

Injection system: 

common rail 

No. of injections: single 

and MPFI 

EGR: yes 

(a) FIT 

sweep:  

Single: 20° to 

-5° BTDC.  

Double: 15% 

pilot: 30° to 

15° BTDC 

and main at 

5° ATDC. 

(b) Fuel 

injection 

pressure: 150 

and 180 

MPa. 

(c) EGR: 0% 

and 30%.  

Fuel: BD, 

ULSD, and 

blends. 

(a) Advancing FIT: NOx emissions ŷ 

gradually for both the fuels. On the other 

hand, PM emissions ŷ initially; however, PM 

Ź for injections earlier than 10Á BTDC for 

both fuels. 

(b) Advancing pilot FIT: NOx emissions Ź 

for both ULSD and BD.  

(c) Increasing injection pressure: NOx ŷ and 

PM Ź for both fuels. 

(d) Increasing EGR:  NOx ŹŹand PM ŷ for 

ULSD and BD. 

(e) BD combustion generated ŷ NOx and Ź 

PM than ULSD for all considered settings.    

[69] 

No. of cylinders: 4 

CR: 15.0 

Cylinder volume: 1700 

(cm3) 

Aspiration: natural 

Engine speed: 1500 (rpm) 

Conventional FIT: CA50 

at 12.0±1.5° BTDC 

Injection system: 

common rail 

No. of injections: single 

EGR: yes 

Increasing 

EGR or 

decreasing 

intake O2 

concentration 

Fuel: ULSD, 

BD, and 

blends. 

(a) Increasing EGR or decreasing intake O2 

concentration: Soot emissions ŷ and NOx Ź 

for both fuels. Additionally, both NOx and 

soot emissions were Ź for BD compared to 

ULSD. 

[73] 

 



 

34 

 

Table 2 continued 

Engine Specifications Parameter 1 Parameter 2 Performance Refs. 

No. of cylinders: 4 

CR: 18.2 

Cylinder volume: 1998 

(cm3) 

Aspiration: turbocharged 

Engine speed:  1500 

(rpm) 

Conventional FIT: ° 

BTDC 

Injection system: 

common rail 

No. of injections: single 

EGR: yes 

(a) FIT 

sweep: 

Single: 

12.5°, 5°, 0°, 

-5°, and -

12.5° BTDC. 

Fuel 

injection 

quantity 

adjusted to 

maintain 

8bar IMEP.  

(b) EGR 

sweep: 0% to 

80% in 10% 

increments. 

Fuel: ULSD, 

canola oil, 

soybean oil, 

tallow and 

yellow 

grease.  

(a) Advancing FIT: NOx emissions ŷ 

gradually, and PM emissions stayed 

relatively unchanged for both the fuels. CO 

and THC emissions Ź sharply initially; 

however, it stayed mostly constant for fuel 

injected before TDC for both fuels.  

(b) Increasing EGR: Gradual Ź in NOx and ŷ 

in HC emissions. Also, PM emissions ŷ in the 

conventional combustion reaction zone. 

However, PM Ź in the LTC zone which was 

achieved at EGR rates ŷ than 50%. CO and 

THC emissions were ŷ in this LTC region.  

(e) BD combustion generated ŷ NOx and Ź 

PM, THC, and CO emissions than ULSD at 

all the setpoints considered.  

[61] 

No. of cylinders: 4 

CR: 17.0 

Cylinder volume: 4500 

(cm3) 

Aspiration: turbocharged 

Engine speed:  1400 

(rpm) 

Conventional FIT: 8° 

BTDC 

Injection system: 

common rail 

No. of injections: single 

EGR: yes 

(a) FIT 

sweep: 8° to 

0° BTDC in 

2° 

increments. 

EGR rate: 

Maximum 

achievable, 

i.e, 50% for 

ULSD and 

47% for BD. 

Fuel: ULSD, 

BD, and B20. 

(a) Advancing FIT: NO and smoke emissions 

ŷ gradually for both fuels. Additionally, CO 

and HC Ź sharply for ULSD. On the other 

hand, the rate of ŷ of both NO and smoke for 

BD was relatively less. Also, CO and HC for 

BD remained relatively constant. 

Simultaneous reduction of NOx and smoke 

observed for delayed FIT events for both 

fuels.  

[58] 

No. of cylinders: 1 

CR: 15.0 

Cylinder volume:  425 

(cm3) 

Aspiration: boosted 

Engine speed:  1500 

(rpm) 

Conventional FIT: MBT 

Injection system: 

common rail 

No. of injections: single 

EGR: yes 

(a) IMEP 

sweep: 0.2 to 

0.7 MPa in 

steps of 0.05 

MPa.  

Fuel: ULSD, 

BD, and BD-

Ethanol 

blend.  

(b) Intake 

pressure: 120 

kPa and 150 

kPa. EGR 

rates greater 

than 40%, 

adjusted to 

maintain 

NOx below 

1g/kg-fuel.  

(a) Increasing engine IMEP: Smoke 

emissions remained relatively constant 

initially; however, smoke emissions ŷ at 

higher engine loads. Alternatively, NOx 

emissions stayed mostly unchanged initially 

and began to gradually Ź at higher IMEPs for 

both fuels. Since FIT was adjusted for MBT, 

both NOx and smoke emissions for ULSD 

and BD were comparable.  

(b) Increasing intake pressure: Marginally ŷ 

NOx emissions for BD; however, smoke 

emissions were comparable.  

[47] 
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Table 2 continued 

Engine Specifications Parameter 1 Parameter 2 Performance Refs. 

No. of cylinders: 1 

CR: 19.5 

Cylinder volume: 300 

(cm3) 

Aspiration: natural 

Engine speed:  1500 

(rpm) 

Conventional FIT: ° 

BTDC 

Injection system: 

common rail 

No. of injections: single 

EGR: no 

FIT: 3° 

ATDC, 10° 

and 25° 

BTDC.  

Fuel: ULSD, 

BD, and 

blends. 

(a) Advancing FIT: NOx emissions ŷ for both 

fuels. NOx and soot emissions of BD were Ź 

than ULSD results for most cases.  

(b) Late injection (3Á ATDC) successful in Ź 

both NOx and soot simultaneously. 

[63] 

No. of cylinders: 4 

CR: 17.0 

Cylinder volume: 4483 

(cm3) 

Aspiration: turbocharged 

Engine speed: 1400 

(rpm) 

Conventional FIT: 8° 

BTDC 

Injection system: 

common rail 

No. of injections: single 

EGR: yes 

(a) 

Combination 

of delaying 

FIT and ŷ in 

EGR - 

Conventional 

settings: 

FIT 8° 

BTDC and 

0% EGR. 

LTC 

settings: FIT 

0° BTDC and 

42% EGR. 

(b) EGR 

sweep: 0, 35, 

and 42% 

EGR.  

Fuel: ULSD 

and BD. 

(a) Combination of delaying FIT and ŷ in 

EGR: NOx Ź for both fuels, and the 

magnitude of NOx emissions were 

comparable for ULSD and BD. Soot 

emissions Ź for both fuels, and its magnitude 

was ŷ for BD. 

(b) Increasing EGR: NOx emissions Ź for 

both fuels, and their magnitudes were 

comparable. On the other hand, soot, CO, 

and HC emissions ŷ for both fuels. 

Interestingly, compared to ULSD, soot 

emissions were ŷ while CO and HC 

emissions were Ź for BD.  

[70] 

No. of cylinders: 1 

CR: 17.8 

Cylinder volume: 857 

(cm3) 

Aspiration: natural 

Engine speed: 1400 

(rpm) 

Conventional FIT: 17.0° 

BTDC 

Injection system: 

common rail 

No. of injections: single 

EGR: yes 

(a) PFI 

pulses: 5 and 

8 injections.   

(b) 

Combination: 

4 and 8 PFI 

pulses and 

17°BTDC 

main 

injection. 

(a) Combination injection: NOx, CO, and 

THC emissions of the 4 pulsed PFI trial were 

Ź than the conventional combustion results.  

(b) Increasing EGR rate for single DI: NOx 

emissions Ź and soot emissions ŷ gradually 

for both mid and high load conditions. NOx 

and soot emissions were Ź for BD at most 

setpoints.  

[75] 
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Table 2 continued 

Engine Specifications Parameter 1 Parameter 2 Performance Refs. 

No. of cylinders: 1 

CR: 16.7 

Cylinder volume: 477 

(cm3) 

Aspiration: natural 

Engine speed: 1500 and 

200 (rpm) 

Conventional FIT: 23.1° 

and 28.5° BTDC 

Injection system: 

common rail 

No. of injections: single 

EGR: yes 

(a) FIT 

sweep: 30° to 

5° BTDC in 

steps of 2-3°. 

Fuel: ULSD, 

BD, and 

blends. 

(a) FIT sweep: Both CO and THC emissions 

ŷ when the FIT was advanced or delayed 

away from the conventional FIT for both 

fuels. Additionally, both CO and THC 

emissions were Ź for BD at all FIT setpoints 

considered. Similar trends were observed 

when comparing CO and THC emissions as 

a function of CA50 timing.   

[74] 

No. of cylinders: 4 

CR: 18.4 and 14.4 

Cylinder volume: 1998 

(cm3) 

Aspiration: turbo 

Engine speed: 1600 (rpm) 

Conventional FIT: 20° 

BTDC 

Injection system: 

common rail 

No. of injections: single 

EGR: yes 

Fuel: ULSD 

(CR: 18.4) 

and BD (CR: 

14.4).  

(a) 

Increasing 

EGR: 44 to 

60% EGR.  

(b) Injection 

pressure: 

600, 800, and 

1000 bar. 

(c) FIT 

sweep: 10, 

20, 25, and 

30° BTDC.  

(a) Increasing EGR: Gradual ŷ in smoke, CO 

and THC, and Ź in NOx emissions for both 

the fuels. 

(b) Increasing fuel injection pressure:  NOx 

emissions ŷ and smoke emissions Ź for 

ULSD.  Additionally, CO and THC 

emissions Ź for both fuels. 

(c) Advancing FIT: CO and THC emissions 

Ź initially; however, CO and THC ŷ after a 

certain point for both fuels. On the other 

hand, NOx emissions ŷ gradually. 

Overall, CO, THC, and smoke emissions 

were ŷ for ULSD at all setpoints.  

[60] 

No. of cylinders: 4 

CR: 16.57 

Cylinder volume: 4500 

(cm3) 

Aspiration: turbocharged 

Engine speed: 1400 (rpm) 

Conventional FIT: 8° 

BTDC 

Injection system: 

common rail 

No. of injections: single 

EGR: yes 

Baseline 

settings:  

- FIT: 8° 

BTDC; - 

EGR: 0%; 

- FIP: 1000 

bar. 

LTC setting:  

-FIT: 0° 

BTDC, and 

varying EGR 

and FIP. 

(a) 

Increasing 

EGR: 10 to 

36% in 

several steps.  

(b) 

Increasing 

FIP: 600 to 

1400 bar in 

steps of 200 

bar.  

Fuel: ULSD, 

BD, and 

blends 

(a) Increasing EGR: NOx Ź, and CO, HC, and 

smoke emissions ŷ for both fuels. However, 

both NOx and soot were lower than the 

baseline emissions. Also, NOx and smoke 

emissions of BD and ULSD were 

comparable. On the other hand, CO and HC 

emissions of BD ŷ than ULSD. Importantly, 

CO and HC were presented in ppm basis. 

(b) Increasing FIP: Ź in soot emissions; 

however, NOx remained relatively constant 

for ULSD. Alternatively, changing FIP had 

minimal effect on NOx and smoke emissions 

of BD.  

[71] 
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1.5 Importance of the Current Study  

Most studies reviewed in this chapter (and available in the literature) focus on comparing the vital 

differences in performance and emissions characteristics between different fuels in the PPCI 

regime through EGR sweeps, FIT variations, MPFI, PFI, variation in the intake air pressure, and 

injection pressure manipulations. Typically, two or more of the prior-mentioned strategies are 

utilized to achieve PPCI. Therefore, isolating the influence of the individual parameters on the 

performance and emissions data presented is challenging. In addition, there are limited studies that 

correlate the obtained results with the fundamental kinetics of ULSD or BD combustion, and 

utilizing multiple strategies to achieve PPCI further deters the relevance with fundamental kinetic 

comparison. Moreover, the engines utilized in these studies have a relatively low CR to avoid 

premature ignition. Finally, a few strategies applied to achieve PPCI have limitations from a 

practical implementation point of view.   

Therefore, the current work attempts to achieve PPCI combustion through FIT variation alone 

initially. Here, detailed analysis of the advantages and restrictions of using this strategy is 

presented. Moreover, the impact of the differences in the fuel properties of ULSD and BD with 

FIT variations will be discussed. Subsequently, an EGR strategy is introduced in addition to FIT 

variations in an attempt to operate in the PPCI regime. A similar discussion of the impact of EGR 

in conjunction with FIT variations is provided. Additionally, the key differences between ULSD 

and BD as the fuels in the PPCI regime are presented. This method of implementing one strategy 

at a time assists in isolating the key operating conditions that impact the performance and emission 

characteristics of the PPCI regime. Importantly, the performance and emissions data generated in 

this study using a high CR engine adds value to the literature. In addition, the brief analysis 



 

38 

 

corelating the obtained ignition delay results with the fundamental kinetics of BD combustion adds 

novelty to the research. 

1.6 Dissertation Chapters 

Initially, Chapter 2 describes the experimental results obtained with a single-cylinder engine while 

exploring the possibility of achieving PPCI through FIT variations alone using waste cooking oil 

(WCO) BD as the fuel. In addition to performance and emission results, the discussion is also 

focused on the NTC behavior of BD, and its influence on ignition delay period. Importantly, 

similarities of the obtained ignition delay results with the CI engine and literature studies of Shock 

Tube (ST), CVCV, and CK studies is presented in detail. Based on the learnings of Chapter 2 and 

earlier studies [77], there was limited success in reducing the NOx-PM tradeoff through FIT 

adjustments alone with both BD and ULSD as the fuel.  

Therefore, EGR was utilized to further increase the ignition delay period and study its influence 

on achieving PPCI with ULSD as the fuel in Chapter 3. Additionally, the isolated comparison of 

combustion characteristics with and without EGR is presented. Similar experiments were 

conducted using WCO BD with EGR and the results are described in Chapter 4. A detailed 

comparison categorizing the influence of fuel (ULSD vs WCO) on achieving/limiting PPCI is 

provided. Subsequently, a series of kinetic studies in Chapter 5 will be conducted to analyze the 

importance of operating BD in the NTC region, and its influence on combustion performance 

parameters. Specifically, the focus of the parametric study will be on isolating the factors that 

influence ignition delay on a kinetic level. This information will assist in determining the 

advantages and restrictions of utilizing a high CR engine while attempting to operate in the PPCI 

regime. Finally, a summary of the key findings and conclusions of all research conducted will be 

presented in Chapter 6.   
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Chapter 2: Exploring the Possibility of Achieving Partially Premixed Charge Compression 

Ignition Combustion of BD in Comparison to Ultra Low Sulfur Diesel on a High 

Compression Ratio Engine 

Abstract 

The combustion characteristics of biodiesel (BD) operating in the Low Temperature Combustion 

(LTC) regime, via Partially Premixed Charge Compression Ignition Combustion (PPCI), is 

relatively unknown. Therefore, this study compares engine performance and emissions of ultra-

low sulfur diesel (ULSD) and waste cooking oil BD through an attempted PPCI methodology. The 

Fuel Injection Timing (FIT) was gradually altered from conventional combustion timing (12.0° 

for BD and 12.5° for ULSD) to 35.0° before top dead center. Results indicated that the fuel 

consumed to maintain the required load condition increased gradually for both ULSD and BD due 

to the start of combustion shifting further into the compression stroke for each injection 

advancement. Nitrogen oxides (NOx), particulate matter (PM), carbon monoxide, and total 

hydrocarbons were marginally lower for BD compared to ULSD. There was limited success in 

reducing both NOx and PM emissions simultaneously by varying the FIT alone for both fuels. The 

high compression ratio of the engine utilized was a major limiting factor in achieving LTC. 

Importantly, the Negative Temperature Coefficient (NTC) behavior of BD and its impact on 

ignition delay was successfully captured. The operating conditions used in this study are closer to 

a production engine as compared to shock tube and constant volume combustion systems typically 

used to validate chemical kinetic (CK) models. Moreover, data surrounding NTC and its influence 

on ignition delay with BD in compression ignition engines is limited in the literature. Thus, the 

results presented provide valuable data that could be utilized to help validate CK models 

investigating the behavior of BD fuels.  
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2.1 Introduction  

Close to 90% of the global energy consumption utilizes fossil fuels as the primary source [78]. 

Recent studies suggest that available fossil fuel resources are finite and could threaten 

environmental sustainability [79, 80]. This increasing energy production that is reliant on fossil 

fuels will result in unfavorable and harmful environmental emissions [81]. With respect to the fuel 

utilized for energy production, diesel fuel has a significant influence on the global economy due 

to its dominance in the agriculture and transportation sector, especially in developing countries 

[82]. As a result, the estimated energy demand coupled with stringent emission regulations drives 

the need for renewable fuels. As a promising alternative, researchers have learned through life 

cycle analysis that biodiesel (BD) emits lower greenhouse gas emissions than conventional fossil 

fuel-derived diesel during its lifetime [83]. For these reasons, there is significant research on (first-

generation) BD fuels derived from natural sources that are compatible in Compression Ignition 

(CI) engines [84, 85]. Moreover, the magnitude of research on (first-generation) BD continues to 

grow due to its applicability in the current and future energy landscape [86, 87]. This is supported 

by the linear growth of BD production in the last decade in the United States [88, 89]. 

Since traditional oils used for generating BD are in direct competition for their place as a food 

source, non-edible oils such as jatropha curcas, karanja, sea mango, tallow, Nile tilapia, and Waste 

Cooking Oil (WCO) can be used as feedstocks to produce (second-generation) BD [90]. Most of 

these second-generation sources have a limited availability [85]. In addition, when compared to 

vegetable oil-based BD, it is significantly harder to store BD extracted from non-edible oils [85]. 

Therefore, the popularity of using WCO as a second-generation feedstock is growing due to the 

absence of competition with other food products, and its comparatively better economic viability 

[85, 90]. It is abundantly available and its usage assists in managing the challenges associated with 
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domestic waste disposal [90]. In addition, the life cycle analysis of WCO synthesized BD 

demonstrates relatively low greenhouse gas emissions since its source vegetable oil has been 

consumed for other useful purposes before being used as an engine fuel [83]. As a result, BD 

generated from WCO is a focus of this study. Also, the University of Kansas (KU) has an 

established system for collecting WCO from various restaurants on campus and converting it into 

BD [91].  

 

Figure 3: Simplified form of transesterification of vegetable oil or animal fats to produce 

BD [92]. 

BD using vegetable oil and/or WCO as the source can be derived through several processes, such 

as micro-emulsions [93], thermal cracking [94], and transesterification (the most common 

methodology) [25, 26, 30, 31, 92, 95, 96]. Vegetable oils contain up to three fatty acid molecules 

linked to a glycerol molecule with esters; hence, the moniker triglyceride is often employed when 

discussing the BD source oil [31, 32, 92]. Transesterification is the process where these 

triglycerides (aka complex fatty acids) are mixed with ethanol or methanol in the presence of a 

catalyst, either potassium hydroxide or sodium hydroxide. The product is a mixture of monoalkyl 

esters of long-chain fatty acids with glycerol as a byproduct, as depicted in Figure 3 [31, 32, 92]. 

Typically, the resulting BD fuel is made up of alkyl fatty acid esters of short-chain alcohols [21, 
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23-25, 28-32, 92, 97, 98]; whereas, petroleum-derived diesel fuel contains straight-chained and/or 

branched-chain hydrocarbons along with aromatic species.  

2.1.1 Conventional Combustion of BD 

Previous research indicates that the characteristics of the fuel (both physical and chemical) has a 

major impact on the performance and emissions characteristics during CI combustion [22, 28, 29]. 

The deviation of BD properties from ultra-low sulfur diesel (ULSD) in parameters, such as fuel 

viscosity, density, molecular structure, Cetane Number (CN), and energy content impact the 

combustion process [22, 29, 30, 99]. Here, their influence on combustion performance parameters 

are categorized and explained briefly. Firstly, the comparatively higher viscosity of BD hinders 

the fuel break-up and atomization process, and as a result the fuel droplets are relatively larger 

[31]. Hence, BD has a relatively extended physical delay period compared to ULSD [34]. This 

decreases the flame propagation speed leading to an increase in the combustion duration [35]. This 

effect is augmented if the injection parameters are not normalized [22]. In general, BDs comprise 

about 11% oxygen (O2) by weight contrasted to negligible O2 content in ULSD. This excess O2 

contained in the fuel assists with oxidation resulting in higher adiabatic flame temperature. 

However, the presence of O2 reduces the energy content of the fuel causing an increase in the fuel 

consumption by about 12% (mass basis) compared to ULSD to meet the preset load demand [28, 

37-41, 100]. The inherently high CN of BDs outweighs the earlier mentioned factors and ensures 

a shorter overall ignition delay during the CI combustion of BD [101]. With respect to emissions, 

total hydrocarbons (THC), carbon monoxide (CO), and particulate matter (PM) emissions are 

generally lower, whereas NOx emissions are typically found to be greater for BD combustion 

(when combustion timing is not normalized) as compared to ULSD [21, 41, 44, 45, 100]. Overall, 

the anticipated differences in combustion performance and emissions between ULSD and BD are 
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summarized in Table 3. The upper arrow indicates an increase in the combustion characteristic 

being compared for BD contrasted to ULSD. 

Table 3: The anticipated results for increasing independent fuel property in PPCI 

operation 

Increasing 

property  

In-

cylinder 

pressure 

In-cylinder 

temperature 

Ignition  

delay 
BSFC NOx PM CO THC 

Advancing FIT ŷ ŷ ŷ ŷ ŷ Ź Ź Ź 

CN ŷ ŷ ŹŹ ŷ ŷ Ź Ź Ź 

Density  ŷ ŷ ŷ Ź ŷ Ź Ź Ź 

Viscosity Ź Ź ŷŷ Ź Ź ŷ ŷ ŷ 

Energy content ŷ ŷ ŷ Ź ŷ Ź Ź Ź 

Oxygen content ŷ ŷ Ź ŷ ŷ Ź Ź Ź 

Compression ratio ŷ ŷ ŹŹ Ź ŷŷ Ź Ź Ź 

EGR Ź Ź ŷŷ ŷ ŹŹ ŷ ŷ ŷ 

 

Unfortunately, both ULSD and BD are restricted by the NOx-PM tradeoff (i.e., advancing injection 

timing reduces PM but elevates NOx emissions). LTC has shown potential in alleviating the 

negative effects of this tradeoff through the instantaneous ignition of a homogeneous lean mixture 

leading to combustion at relatively low temperatures [102, 103]. While there is limited information 

available on the in-cylinder temperatures of BD in LTC operation, the comparatively lower 

exhaust temperature reported in the work by Mohanamurugan et al. suggest that it is less than 

ULSD [104]. Subsequently, this reduced in-cylinder temperature ensures that NOx emissions 

produced through the thermal NOx mechanism are reduced [10, 102, 104]. Moreover, the presence 

of excess O2 improves oxidation of the fuel (ideally) suppressing the formation of incomplete 

combustion products [104]. LTC is typically limited to low operating load conditions due to 

challenges associated with combustion phasing [8]. Nevertheless, the inherent lower emissions 
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advantage of LTC make it of interest. Besides, conducting LTC experiments on a high CR engine 

could alleviate some of the performance issues typically observed in LTC.  

Before describing the experimental setup and results obtained, it is important to review the findings 

of BD LTC available in the literature. In general, LTC can be divided into HCCI, RCCI, and PPCI 

depending on the technique of fuel injection strategy and/or blends utilized. Due to its ease of 

implementation through methods like early injection, EGR, and varying fuel injection pressure, 

PPCI was selected. Additionally, PPCI combustion analysis eliminates complex variables, such as 

PFI (popular in HCCI) and dual fuel chemistry (popular in RCCI). As discussed in the preceding 

segment, the fuel properties of BD influence mixture formation and the resulting combustion 

process. However, the effect of physical properties (e.g., viscosity, density, CN, molecular 

structure, and energy content) are comparable in both conventional and PPCI regimes. Therefore, 

the summary of PPCI literature review is first categorized based on the various methods used to 

achieve PPCI.  

To begin with, advancing the FIT gradually into the compression stroke results in an extended 

ignition delay providing more time for the injected fuel to vaporize, atomize, and subsequently 

form a homogeneous air-fuel mixture [61]. Significantly early injection could lead to a SOC before 

Top Dead Center (TDC) [61, 63, 105, 106]. This results in the in-cylinder pressure, ROHR, and 

temperature increasing at substantial rates due to the double compression. Moreover, the early 

onset of combustion provides comparatively more time for heat loss and interactions between the 

wall and injected fuel. Hence, fuel required to meet the required engine load increases and 

negatively affects the thermal efficiency [63, 106]. This leads to an increase in NOx emissions and 

a decrease in incomplete combustion products (CO, THC, and PM) [59, 61, 63, 105, 106]. 

Alternatively, increasing the injection pressure reduces the size of the fuel droplets injected and 
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assists in the atomization process. Thus, increasing the injection pressure elevates the in-cylinder 

pressure and ROHR by promoting an enhanced mixing process and BSFC marginally decreases 

[60, 65, 69, 71]. However, injection pressure has an insignificant influence on optimum SOC 

timing [59]. For a given set of engine operating conditions in the LTC mode, the differences in 

combustion performance parameters between ULSD and BD are: 

1. Ignition delay of BD is lower than ULSD due to its elevated CN [64, 68, 72, 75].  

2. The burn rate of BD is faster than ULSD [59, 74].  

3. BD has a better combustion efficiency than ULSD due to its embedded O2 [10, 64, 72].  

4. Fuel required to meet a set engine torque/load is relatively higher with BD due to its lower 

energy content [63, 66, 70, 75].  

5. The in-cylinder pressure and ROHR of BD is higher than ULSD as the amount of fuel injected 

is comparatively more [10, 59, 60, 63, 66, 67, 70, 71, 74, 75].  

6. For a fixed fuel quantity, the in-cylinder pressure and ROHR of BD is less due to 

its lower energy content [65, 69].  

Since varying the FIT alone for LTC has demonstrated success in lessening the negative effects of 

the NOx-PM tradeoff [107], this is an avenue worth investigating. Importantly, this study aims to 

compare and contrast the findings with an earlier work of the authors where PPCI trials were 

conducted by varying the FIT of ULSD without the use of EGR [108]. As discussed earlier, 

utilizing BD with normalized combustion phasing has the potential to improve the NOx-PM 

tradeoff compared to ULSD. Furthermore, it important to explore the effects of BD viscosity, 

density, energy content, and CN on combustion characteristics (e.g., ignition delay, SOC, 

combustion phasing) as the FIT is advanced gradually into the compression stroke without the 

influence of other variables (e.g., EGR, fuel injection pressure, multiple fuel injections).  
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As a result, a comparative analysis of BD and ULSD using a high CR engine (higher than any 

other prior studies) while exploring the possibility of achieving LTC through FIT modulation was 

performed. In-cylinder pressure, temperature, ROHR, and exhaust emissions were measured to 

assist in analyzing the combustion process. The in-cylinder parameters aid in understanding the 

differences in combustion behavior at the various setpoints selected (discussed in the next section). 

Additionally, the in-cylinder pressure data characterizes the SOC and rate of change of pressure 

analysis that is needed to determine when LTC might be occurring. The obtained ignition delay 

results are compared with literature from CVCV and ST experimental studies. Additionally, 

ignition delay data are compared with CK (CK) studies using ULSD/BD surrogates in the LTC 

regime; hence, providing a link between experimental data and theoretical models. Overall, this 

effort helps identify trends of ignition delay and its dependency on operating conditions while 

attempting LTC. The obtained results could be utilized to further validate and improve the CK 

mechanisms of BD surrogates. Before discussing the experimental results obtained, a brief 

description of the engine test setup and BD synthesis process is provided.  

2.2. BD Production  

The BD utilized for testing was synthesized through the transesterification of WCO (used canola 

oil as feedstock) at the University of Kansas BD initiative laboratory. The WCO from various 

restaurants on campus is collected and filtered coarsely and transferred into a heating drum. This 

filtered WCO is then heated for approximately four hours to reduce the viscosity of the oil. In 

addition, the heat added assists in overcoming the activation energy threshold necessary for the 

reactions that follow. Moreover, the excess heat removes any water contained in the oil. Following 

the initial heating process, the WCO is filtered again with a finer mesh and transferred into a second 

drum and heated to a temperature of 60°C. Once this temperature is achieved, methanol is added 
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to the oil in a 6:1 molar ratio and the mixture is continuously stirred in the presence of 1% by mass 

sodium methoxide (catalyst) for approximately four hours. On completion of the mixing cycle, the 

mixture is allowed to settle for 12 hours during which glycerol, the by-product, separate from the 

BD and sinks to the bottom of the drum. Once the glycerol is drained, the BD is then washed three 

times to remove any impurities, such as methanol and soap. Finally, the BD is dried thoroughly to 

eliminate any traces of water remaining in the fuel. For the interest of the reader, a thorough 

description of the BD synthesis from WCO may be obtained in the works of Cecrle et al. [28] and 

Mangus et al. [109]. The estimated properties of the fuel utilized are presented in Table 4, and 

further information on the BD fuel properties (e.g. fatty acid content of the feedstock oil) may be 

found in the aforementioned works.  

2.3. Experimental Setup 

The engine utilized for BD combustion testing is a single-cylinder naturally aspirated CI engine. 

The specifications of the test engine (Yanmar L100V) and a schematic of the test bed is in 

Appendix Table 1 and Appendix Figure 1 respectively. The conventional FIT of the engine is 12.5° 

and 12.0° BTDC when fueled with ULSD and BD respectively at low and medium load conditions. 

In addition, detailed MBT study on this engine was performed and the details of the injection 

timing utilized for various fuels and operating load conditions are discussed in length by Mangus 

et al. [109]. A 12-horsepower DyneSystems, Inc. Dymond Series alternating current dynamometer 

(model# Dymond Series 12) is connected to the engine via an actuating shaft. A DyneSystems 

Inter-Loc V OCS digital multi-loop dynamometer and engine controller is utilized to monitor the 

dynamometer. The torque generated due to the applied engine load is quantified by means of a 

Futek (model #TRS605) torque transducer. In addition, Kistlerôs piezoelectric transducer (model 

#6052C) was utilized to measure the in-cylinder pressure. Furthermore, a Kistler charge amplifier 
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(model #5011B) with uncertainty ±0.5% was used in conjunction with the transducer. 

Additionally, a crank angle encoder (Kistler model #2614B1) gives the instantaneous crank angle 

position signal for every 0.2 degrees. The presented pressure trace is the mean of 60 combustion 

cycles measured at the same resolution as the angle encoder; hence, reducing the statistical 

uncertainty below 1.5%. In addition, an electronic common rail fuel injection system (Bosch model 

#261-B1-135-201) with a six-hole injector (Fiat Grande Punto MJTD 1.3) is utilized. To control 

the fuel injection parameters, a Bosch MS15.1 Diesel engine control unit running Bosch 

ModaSport is utilized. The common rail system allows a pressure range of 40-200 MPa and a FIT 

resolution of ± 0.02° of crank angle. 

Inlet fuel parameters, such as FIT, pressure, and quantity of fuel can be monitored through the 

engine control unit. An Emerson Elite (model #CMF-010M) Coriolis fuel flow meter is utilized to 

compute the intake fuel mass flow rate with an uncertainty of ±0.03%. Additionally, a laminar 

flow element from Merriam (model #50MW20-2) with an uncertainty of ±0.1% in conjunction 

with an Omega differential pressure transducer (model #PX277-30D5V) with an uncertainty of 

±1.0% is used to determine the air mass flow rate. Throughout the setup, K type thermocouples 

with an uncertainty of ±0.75% are used to measure intake and exhaust air temperatures at various 

points. Furthermore, pressure transducers (Omega model #PX329/PX319) with an accuracy of 

±0.25% are utilized to find the intake and exhaust pressures at various locations. Finally, the 

ambient air temperature (Omega model #KQXL), pressure (Omega model #EWS-BP-A), and 

humidity (Omega model #EWS-RH) are recorded. All the above temperature, pressure (except for 

in-cylinder), humidity, and flow rate data is recorded at a rate of 10 measurements per second. 

Uncertainty of this data is calculated using the standard deviation method.   
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Table 4: BD and ULSD fuel properties [28].  

Property BD ULSD 

Density (kg/m3) 882.69 ± 0.01 839.60 ± 0.01  

Kinematic Viscosity (cSt) 6.560 ± 0.001 2.481 ± 0.001 

Dynamic Viscosity (cP) 5.790 ± 0.001 2.083 ± 0.001 

CN 52.8 ± 4.1 40.0 

Energy Content (kJ/kg) 39663 ± 44 45494 ± 44 

H/C molar ratio 1.84 ± 0.04 1.80 ± 0.04 

The sensor measured data are recorded using an in-house built LabVIEW program in conjunction 

with National Instruments compact reconfigurable input-output (model #cRIO-9014). The 

program works as an automated data acquisition software controlled through a laptop computer. 

The installation of the in-cylinder pressure transducer, the electronic fuel injection system, and the 

engine data acquisition and control interface were completed by a previous graduate student [109]. 

In addition, the various sensors and measurement peripherals were set up by another student [99]. 

Furthermore, a detailed description of the testbed apparatus can also be found in [77, 110].  

A stand-alone EGR system capable of dynamically controlling the EGR rate and temperature was 

employed [111]. The EGR system comprises two pressure control valves and two cooling fans. 

The exhaust gas exiting the engine is routed through a one-inch stainless steel pipe to a cooling 

fan (Hayden model #DH-051-1-1). Subsequently, the exhaust gases are mixed with the intake air 

in a mixing box and directed into the engine. Importantly, a maximum of 10% EGR was achievable 

for ambient intake pressure conditions as recorded by a previous study on the same engine [112]. 

To enable higher EGR rates, two valves were installed on the air intake line to throttle and 

modulate the pressure difference between the intake and exhaust manifolds. Here, one of the valves 

was controlled manually and could only bring about a respectively coarse change to the flow and 

pressure in the intake line. Alternatively, the second valve is controlled using a stepper motor 
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(Omega model #2035) capable of holding up to 1.3205 N-m torque. This motor can control the 

valve at a resolution of 400 steps/revolution. Finally, a third valve close to the mixing box acts as 

an on/off switch and assists in the fine control of exhaust gas. Since the EGR gases flow through 

this third valve, a stainless-steel option with a tight seal is used. Additionally, a larger stepper 

motor (Applied Motion #HT34-506) capable of 8.8986 N-m and a motor drive (Applied Motion 

model #STR-8) is used to handle the relatively harsher environment. Overall, the EGR rate is 

calculated as: 

 
%'2 

#/ #/

#/ #/
8ρππ 

(11) 

and two CO2 sensors capable of measuring up to 30% CO2 (CO2 EngineTM ICB K-33 Data 

Logger-compatible with an accuracy of ± 0.5% vol CO2 ± 3% of measured value) are used to 

record the intake and exhaust levels. Additionally, two PM filters (100 and 220 microns) and water 

traps are employed to collect any condensed water as the sensors are susceptible to contaminants 

in the sample gas.  It is important to note that the EGR cooling fans were not employed and fixed 

rates of EGR were used during the tests conducted.  

In addition to the engine control setup, a standalone AVL SESAM Fourier Transform Infrared 

(FTIR) (model# i60 FT) emissions measurement system for gaseous exhaust emissions is used. 

The exhaust gases are supplied to the FTIR system through a heated sampling line. This system 

can measure scores of emission species; however, regulated emissions such as CO2, CO, NO, and 

NO2 are presented here. The exhaust species are sampled for a duration of 5 minutes during which 

the emissions species are measured at a frequency of 1 Hz. In addition, AVL Smoke Meter (model 

#415-se) is utilized to measure the Filter Smoke Number (FSN). The exhaust gas was sampled for 
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a period of 120 seconds on the Smoke Meter. Both the Smoke Meter and FTIR measurements are 

recorded on a separate laptop computer through transmission control protocol/internet protocol.  

Prior to collecting data, the engine is warmed up until the engine oil temperature and exhaust 

temperature stabilizes (i.e., steady state) with a deviation margin of no more than 2% in C̄. In 

addition, before every testing cycle, the FTIR system is calibrated, and the dynamometer is 

calibrated through the InterLoc dyno controller. BD derived from WCO with properties given in 

Table 1 is utilized as the test fuel. After the tests are completed, a zero-dimensional model 

developed by Mattson is utilized to generate heat release analysis along with in-cylinder 

temperatures, mass fraction burn profiles, and ignition delay periods from the in-cylinder pressure 

data [113, 114]. The ignition delay period was computed using the second derivative of in-cylinder 

pressure with respect to the crank angle position profile. Here, the crank angle point at which the 

maximum slope of the second derivative of pressure is observed is considered the SOC timing. 

Therefore, the time between the start of injection (aka. FIT) and the SOC timing is defined as the 

ignition delay period. 

As discussed earlier, this study is a follow-up work of PPCI trials conducted on the same engine 

using ULSD [115]. Hence, 0.5, 1.0, and 1.5 N-m were selected as the three lower load levels while 

the FIT was varied gradually from 12.0° to 35.0° BTDC (Table 2). To contextualize, 18 N-m at 

1800 rpm refers to 100% rated engine torque or full load. For the interest of the reader, the net 

IMEP data for all setpoints is presented in Appendix Figure 2. Of note, comparatively more FIT 

scenarios were considered in this study for a better FIT sweep of data points. At each FIT set point, 

the quantity of fuel injected was adjusted to maintain a constant load. Importantly, it is difficult to 

maintain a constant engine torque at low load conditions due to fluctuations caused by cyclic 

variations. It is probable for the actual engine load to be marginally different than the desired value. 
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A constant engine speed and fuel injection pressure of 1800 rpm and 47±0.2 MPa, respectively, 

were utilized. A comprehensive discussion of the results obtained are presented in the next section. 

Due to the similarities in combustion performance and emissions trends, only the 1.5 N-m results 

(except for a few combined graphs) are presented with the 0.5 and 1.0 N-m results available upon 

request. Importantly, the combustion is predominantly premix burn at low load conditions, and 

diffusion burn can be seen only at 9.0 N-m or higher torque conditions. Finally, data collected 

through various sensors and measuring equipment is filtered to compute the average and 

uncertainty. Uncertainty is calculated as the standard deviation of the sample over the mean of the 

sample [110]. In addition, the sequential perturbation method is utilized to compute the uncertainty 

of parameters which is a function of more than one measurement source [116].  

Table 5: Engine operating load conditions and associated FIT for BD. 

Target Engine Load (N-m)  FIT (° BTDC) 

0.5, 1.0, and 1.5 12.0°, 12.5°, 15.0°¸17.5°¸20.0°, 22.5°, 25.0°, 27.5°, and 30.0°. 

2.4. Results and Discussion 

2.4.1 Performance Results 

In Figure 4, equivalence ratio data are presented as a function of the FIT at the various loads 

considered. As the FIT is advanced from the conventional 12.0° BTDC injection timing (point of 

maximum thermal efficiency), the equivalence ratio increases gradually for fuel injection events 

between 12.0° and 27.5° BTDC. Importantly, the airflow rate was relatively constant with a 

maximum variation around 2.0%, 1.8%, and 2.5% for the 0.5, 1.0, and 1.5 N-m cases, respectively. 

Therefore, as the FIT is advanced, the amount of fuel consumed rises progressively. Importantly, 

SOC occurs before the end of compression stroke for early fuel injections. This results in energy 

wasted through greater heat loss as the FIT is advanced. Additionally, the possibility of double 



 

53 

 

compression increases due to the interaction between the expanding combustion gasses against the 

compressing piston wall and the associated gasses. This enhances the amount of energy loss. There 

is also a greater potential for fuel wall wetting for advanced FIT events that could lead to an 

increase in the fueling requirement. As the FIT is advanced, the in-cylinder temperature and 

pressure at the time of fuel injection gradually decreases. This deteriorates the optimal conditions 

required for fuel vaporization and atomization; hence, enabling fuel penetration. The fuel droplets 

that fail to vaporize can adhere to the cylinder walls and not participate in the combustion process 

(i.e., wall wetting). The combination of these factors (heat loss, double compression, and fuel wall 

wetting) leads to a progressive rise in the amount of fuel required to maintain the set load level 

with FIT advancement resulting in higher equivalence ratios for advanced injection events. This 

trend can be observed for all three load levels considered. For injections between 27.5° and 35.0° 

BTDC, the fuel flow consumption and equivalence ratio mostly stabilize, and marginal variations 

primarily result from the relative instability of maintaining a constant engine load at these low 

loads due to a significant amount of excess air (f º 0.15).  

With respect to combustion properties, Figure 5a depicts the in-cylinder pressure trace for the 1.5 

N-m load setting for injection timings between 12.0° and 22.5° BTDC. The black curve 

corresponds to the pressure during engine motoring when no fuel is added. Here, the 12.0° BTDC 

injection event is the conventional FIT utilized for this engine with BD as the fuel represented by 

the red curve. Advancing the FIT away from 12.0° BTDC causes SOC to occur earlier as seen by 

the separation of the in-cylinder pressure trace from the motoring curve. Notably, the flashpoint of 

BD is approximately 150-160°C under ambient pressure conditions [117]. As seen from Figure 

5b, the calculated global in-cylinder temperature is greater than 400°C at 35.0° BTDC; hence, 
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providing adequate conditions for autoignition of the air-fuel mixture. Therefore, as the FIT is 

advanced, the SOC and peak in-cylinder pressure timing also advances.  

 

Figure 4: Equivalence ratio vs. FIT for FIT sweep for BD. 

For FIT earlier than 15.0° BTDC, the peak in-cylinder pressure occurs before the conclusion of 

the compression stroke (aka TDC) resulting in double compression. This leads to elevated in-

cylinder temperatures (Figure 5b) and ROHR (Figure 5c). While most of the combustion energy 

released before the piston reaches TDC is recovered during the expansion stroke, the possibility 

of blow-by energy loss is higher for injection events with SOC occurring before the completion of 

the compression stroke. Unfortunately, there is no obvious trend observed in the net and gross 

IMEP data that would aid in understanding the pumping loss pattern (Appendix Figure 9). 

Nevertheless, the earlier onset of combustion offers more time for heat transfer losses, double 

compression effects, and fuel wall wetting subsequently resulting in an energy loss. This energy 

loss gradually increases with FIT advancement due to the combined effect of these factors. 

Therefore, the amount of fuel injected to maintain the required (1.5 N-m) load increases 
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progressively (see Figure 4). All set points included in Figure 5a have distinct pressure oscillations 

representing engine knock that marginally increase as the FIT is advanced between 12.0° and 22.5° 

BTDC. The engine knock discussion is based on the oscillations observed in the in-cylinder 

pressure trace alone. 

  

  

Figure 5: (a) In-cylinder pressure, (b) in-cylinder temperature, (c) ROHR vs. crank angle, 

and (d) exhaust temperature vs. FIT at 1.5 N-m engine torque for FIT from 12.0° to 22.5° 

BTDC with BD. 
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Analogous to the in-cylinder pressure, the magnitude of in-cylinder temperature (Figure 5b), 

ROHR (Figure 5c), and exhaust temperature (Figure 5d) gradually increase with FIT advancement. 

Additionally, the timing of peak in-cylinder temperature and ROHR shifts further into the 

compression stroke. The excess fuel added to compensate the reduction in operating load due to 

losses (heat transfer, double compression, and fuel wall wetting) contributes to the rise in the 

cylinder temperature and ROHR. The ROHR curve profile suggests only a pre-mixed combustion 

event at all injection timings considered. The exhaust gas temperature gradually increases as the 

FIT is advanced reflecting the rise in the in-cylinder temperature and ROHR. As SOC advances, 

the time available for energy loss through heat transfer increases that can result in lower exhaust 

temperatures. However, the excess fuel injected has a greater effect on the exhaust gas temperature.  

Injecting fuel early leads to an extended ignition delay providing sufficient time for a more 

homogeneous mixture formation. This is due to the comparatively lower in-cylinder pressures and 

temperatures for early FIT events as seen in Figure 5a and Figure 5b, respectively. The fuel 

droplets require relatively more time to overcome the physical delay (atomization) and chemical 

delay (thermal cooking) periods before SOC. Thus, the ignition delay period marginally increases 

for fuel injected between 12.0° and 22.5° BTDC for the 1.5 N-m load condition (Figure 6a). 

However, the variation in the ignition delay for these setpoints is relatively low due to the higher 

CR (21.2) of the test engine. In addition, the single cylinder engine under study has valve overlap. 

Therefore, as the FIT is advanced, the temperature of the residual gas gradually rises due to the 

elevated exhaust gas temperatures observed (Figure 5d). This comparatively hotter residual gas 

assists in atomizing the injected fuel (seen in Figure 5b as increased temperatures during the 

compression stroke). Thus, the in-cylinder temperature and pressure conditions aid in a relatively 

fast vaporization and combustion of the injected fuel between 12.0° and 22.5° BTDC. In addition, 
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the SOC timing (almost) linearly advances into the compression stroke for these events (Figure 

6b). This is typical conventional combustion behavior (discussed later).   

    

Figure 6: (a) Ignition delay and (b) SOC vs. FIT at 0.5, 1.0, and 1.5 N-m engine load for 

BD. 

Returning to the performance parameters, for the FIT between 22.5° and 35.0° BTDC, maximum 

pressure variations were marginally low as shown in Figure 7a (compared to 12.0° to 22.5°). 

Initially, there is a slight rise in pressure for the 25.0° BTDC event as compared to 22.5° BTDC; 

however, the magnitudes of peak in-cylinder pressure are comparable for setpoints between 25.0° 

and 30.0° BTDC. The SOC marked by the separation of the pressure trace away from the motoring 

curve occurs earlier in the compression stroke as the FIT is advanced. Revisiting the quantity of 

fuel injected (Figure 4), the fuel required to maintain 1.5 N-m load increases as the FIT is advanced 

between 22.5° and 30.0° BTDC. The equivalence ratio for fuel injection events at 30.0° and 35.0° 

BTDC are comparable while the in-cylinder pressure slightly decreases for fuel injected at 35.0° 

BTDC (Figure 4). The peak pressure timing stayed within a 2.5° CA window for all the FIT points 
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considered in Figure 7. In addition, oscillations in the pressure trace due to CI engine knock 

gradually decrease with FIT advancement. There is minimal, or no knock observed for the 35.0° 

BTDC event, yielding a smooth bell-shaped pressure trace.  

Importantly, the test engine (Yanmar L100V) must be run at in-cylinder pressures lower than 75 

bar for safe operations as recommended by the manufacturer. For reasons mentioned earlier, the 

peak in-cylinder pressure nears this safety limit for fuel injected at 22.5° BTDC and earlier. The 

in-cylinder pressure exceeded 75 bar while attempting higher loads (4.5 N-m or 25% rated) for 

FIT 20.0° BTDC and earlier. Therefore, to ensure engine safety, the operating regime was 

restricted to low load conditions. Similar conclusions are drawn by other researchers attempting 

PPCI at partial and/or higher load conditions [63, 66, 67].   
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 Figure 7: (a) In-cylinder pressure, (b) in-cylinder temperature, (c) ROHR vs. crank angle, 

and (d) exhaust temperature vs. FIT at 1.5 N-m engine torque for FIT from 22.5° to 35.0° 

BTDC with BD. 

The in-cylinder temperature, ROHR, and exhaust gas temperature trends were comparable to the 

in-cylinder pressure results as shown in Figure 7b, Figure 7c, and Figure 7d, respectively. As the 

FIT is advanced, there is a marginal increase in the in-cylinder temperature and ROHR for fuel 

injected between 22.5° and 30.0° BTDC. Analogous to the in-cylinder pressure, there is a marginal 
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drop in the in-cylinder temperature and ROHR for the 35.0° BTDC event. It is important to 

reiterate that a decrease in the in-cylinder temperature and ROHR is observed even though the 

amount of fuel injected was highest for the 35.0° BTDC event (comparable to 30.0° BTDC). Since 

the cylinder pressure for fuel injected at 35.0° BTDC is comparatively less, there is a possibility 

of fuel droplets depositing on the cylinder walls. Post autoignition, the fuel droplets that are in 

contact with the cylinder walls fail to vaporize and burn effectively as the temperature of the wall 

is low compared to the combustion core. The combustion flame terminates on approaching the 

cylinder walls. This reduction in the amount of fuel failing to combust could lead to a decrease in 

the in-cylinder temperature and ROHR observed. More importantly, the time available for energy 

wasted through heat transfer for the 35.0° BTDC event is relatively more leading to a drop in in-

cylinder temperature and ROHR. With respect to the exhaust gas temperature, following a minor 

increase initially, it stayed relatively unchanged for events between 25.0° and 30.0° BTDC. The 

exhaust gas temperature increases marginally for the 35.0° BTDC event indicating possible after-

burn of fuel recovered from the crevice. The fuel deposited on the wall and the crevices reenter 

into the core of the chamber during the expansion stroke. These fuel particles might burn in the 

later stages of combustion resulting in elevated exhaust gas temperatures observed. In this avenue, 

the PM and THC emission results (presented later) could assist in identifying the possibility of 

fuel wall wetting. 

With respect to ignition delay for setpoints considered in Figure 7, the ignition delay period reduces 

gradually for fuel injected between 22.5° and 30.0° BTDC (Figure 6). This could be due to the 

NTC behavior of BD. At lower temperatures, the oxidation of hydrocarbons can be categorized 

via slow combustion, cool flames, NTC behavior, and sustained high-temperature combustion 

[118]. While slow combustion and NTC behaviors are kinetic in nature, cool flame formation and 
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its propagation rely significantly on the nature of heat transfer. To better understand the chronology 

of events, it is important to examine the reaction pathway of alkyl esters (or similar surrogates for 

BD) at low temperatures [119].  

In general, there are two reaction pathways depending on the operating temperature of the mixture 

as shown in Figure 8 [119]. Both reaction pathways begin with the conversion of the ester RH into 

alkyl and alkyl-ester radicals RÅ (Eqn. (1)) through either hydrogen atom abstraction (occurs at 

both low and high temperatures), or through unimolecular decomposition which occurs only at 

high temperatures. Following this, the radicals can take a preferred pathway depending on the 

temperature: 

a. At high temperatures: The RÅ radicals form olefins, or olefinic esters due to unimolecular 

decomposition by ɓ-scission (Eqn. (2)). Additionally, it could form smaller radical species 

R'Å through isomerization reactions. Subsequently, these olefine species react like the 

original fuel molecule.  

b. At low temperatures: The alkyl and alkyl-ester radicals RÅ oxidize resulting in the 

formation of alkyl and alkyl-ester peroxy radicals RO2Å (Eqn. (3)).  
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Figure 8: Kinetics of BD combustion at low temperatures. 

Subsequently, RO2Å isomerize and form hydroperoxyl alkyl and hydroperoxyl alkyl-ester radicals 

ÅQOOH (Eqn. (4)). Yet again, based on the temperature available, the ÅQOOH radicals can form:  

a. Intermediate temperatures: decompose through C-O ɓ-scission to form stable olefinic alkyl or 

olefinic alkyl-ester stable molecules with HO2Å (Eqn. (5)).  

b. Intermediate temperatures: decompose through C-O ɓ-scission yielding cyclic ether and ÅOH 

(Eqn. (6)). 

c. Low temperatures: O2 addition resulting in hydroperoxy peroxy radicals ÅO2QOOH (Eqn. (7)) 

eventually forming ketohydroxyperoxide and ÅOH species (Eqns. (8) and (9)). This eventually 

results in two radicals through further branching reactions (Eqn. (9)).  

 2( ᴼ 2Å (12) 

 2Å O ÏÌÅÆÉÎÓ  ÏÌÅÆÉÎÉÃ ÅÓÔÅÒÓ  2Åͻ (13) 
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 2Å  /  O  Å2// (14) 

 2//Å O  Å1//( (15) 

  Å1//( O ÏÌÅÆÉÎÉÃ ÓÐÅÃÉÅÓ (/Å (16) 

  Å1//( O ÃÙÃÌÉÃ ÅÔÈÅÒ Å/( (17) 

 Å1//( /  O Å//1//( (18) 

 Å//1//( P  ËÅÔÏÈÙÄÒÏÐÅÒÏØÉÄÅ Å/( (19) 

 ËÅÔÏÈÙÄÒÏÐÅÒÏØÉÄÅ P Å/(  Å8/ (20) 

At lower temperatures, the O2 addition reaction of ÅQOOH resulting in ketohydroperoxide is 

preferred. Alternatively, the direct decomposition of ÅQOOH is preferred at intermediate 

temperatures. Thus, the shift in the reaction pathways from direct decomposition to O2 addition 

reaction pathways leads to a higher system reactivity. In other words, the systemôs reactivity 

increases slightly over a small temperature window during the transition from low to high 

temperatures. The region where the systemôs reaction rate increases with declining temperature is 

called the NTC region. Importantly, this NTC region is characterized by lower ignition delay 

periods for decreasing temperatures [118-122]. This is due to the lower activation energy required 

for the direct decomposition of ÅQOOH compared to the O2 addition leading to lower ID periods. 

Importantly, this shorter ID period is observed in a narrow initial temperature region. If the initial 

temperature or the temperature of the combustion chamber at the time of fuel injection is beyond 

this narrow window (higher or lower), the ignition delay period begins to increase gradually.  

As discussed earlier, the in-cylinder temperature and pressure at the time of fuel injection gradually 

decreases as the FIT is advanced as depicted in Figure 9a. Therefore, as the FIT is gradually 

advanced, the ID is period is expected to increase due to extended physical and chemical delay 

periods. However, the in-cylinder temperature at the time of fuel injection is high enough for 

instantaneous evaporation and ignition resulting in relatively constant ID for fuel injected between 
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12.0° and 22.5° BTDC (Figure 9b). This is mainly due to the high CR of the engine. This is typical 

behavior observed in conventional combustion due to the ɓ-scission of the radical RÅ (Eqn. (12)). 

However, the ID period for FIT between 22.5° and 30.0° BTDC gradually decreases as seen in 

Figure 9b. From Figure 9c and Figure 9d, it is clear that the in-cylinder temperature and pressure 

for these setpoints are lower than the later injection events. Yet, the ID period is marginally lower. 

This initial temperature window between 700 and 750 K represents the NTC region for the 

operating conditions considered. For these events (25.0°, 27.5°, and 30.0°), the direct 

decomposition QOOHÅ radicals through Eqn. (16) and Eqn. (17) are preferred due to the initial 

temperature at the time of injection. Hence, the ID observed for these events are the smallest since 

the activation energy requirement for this pathway is comparatively lower. Further advancing the 

FIT to 35.0° BTDC leads to an elevated ID suggesting a transition out of the NTC region. Here, 

the O2 addition of QOOHÅ radicals pathway according to Eqn. (18) through Eqn. (20) is preferred 

due to the low initial temperature. Since the activation energy requirement is relatively high, the 

ID period for the 35.0° BTDC event is relatively more. Additionally, the isomerization of 

O2QOOHÅ (Eqn. (19)) is identified as a rate limiting step.  
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Figure 9: (a) In -cylinder temperature and pressure at the time of fuel injection vs. FIT, (b) 

ID vs. FIT, (c) ID vs. in-cylinder temperature, and (d) ID vs. in-cylinder pressure for BD. 

2.4.2 Comparison of ID Trends and NTC Behavior with Literature 

As discussed in the introduction, ignition delay depends on CN and equivalence ratio of the air-

fuel mixture along with the initial temperature and pressure of the charge. A brief description of 

these parameters on ignition delay is as follows: t 
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1. Increasing CN of the fuel: Utilizing a fuel with a comparatively higher CN yields a lower 

ignition delay period [1]. Compared to ULSD, BD and its surrogates have a relatively longer 

physical delay period due to the excess time required for atomization of the comparatively 

denser and more viscous fuel particles. However, the higher CN of these fuels dominates the 

final ignition delay period due to a lower chemical delay.   

2. Increasing equivalence ratio: It is well known that the ignition delay reduces with an increase 

in the equivalence ratio of the mixture [120, 123]. For this reason, the ignition delay is 

considered inversely proportional to the equivalence ratio in most theoretical studies [124-

126].  

3. Increasing the initial pressure shortens the distance between the air and fuel molecules and 

increases the collision efficiency. This improves the overall reactivity of the system and grows 

the rate of the forward reaction, aka. oxidation of hydrocarbons [127]. Studies discussing the 

detailed CK mechanisms of oxygenated fuels and ULSD surrogates suggest that the high 

pressure chain branching reaction is 2.8 to 3.7 times faster compared to the low/intermediate 

pressure chain termination pathway [128, 129]. Therefore, the ignition delay period shortens 

with increasing initial pressure of the system. 

4. Increasing homogeneity of mixture: Since the fuel is injected into the combustion 

chamber/vessel in CI engines and CVCV experiments, the fuel requires more time to vaporize 

and overcome the physical delay period. Alternatively, the air-fuel mixture is pre-mixed in ST 

systems. Thus, the homogenous mixture in ST trials are expected to have a relatively shorter 

ignition delay period. 

A summary of results obtained by researchers while discussing the NTC behavior of oxygenated 

fuels and BD surrogates is presented in Figure 10. The key details of the type of experiment or 
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theoretical study conducted and their operating conditions are given in Table 6. In Figure 10a and 

Figure 10c, the ignition delay results from ST and CVCV experiments are used for the comparison, 

respectively. In these studies, dimethyl ether (DME) [123], methyl decanoate (MD) [130], and 

methyl esters derived from jatropha (JME) and palm (PME) [131] were used to observe the NTC 

behavior and its influence on the ignition delay period. On the other hand, Figure 10b depicts CK 

studies conducted using BD surrogates, such as soy methyl ester (SME) [124] and MD [132]. A 

brief discussion of the various trends observed is presented here: Figure 10a ST comparison: The 

ignition delay of DME at 40 bar (Ǐ in red) and 13 bar ( in blue) is marginally lower and higher 

than WCO (ƺ in black) with an approximate average pressure of 28 bar, respectively. Given that 

the equivalence ratio of DME is greater and its air-fuel mixture is homogeneous, the combination 

of lower CN, leaner operating conditions, and heterogeneity of the mixture should lead to a higher 

ignition delay for WCO. Reflecting on the pressure influence, DME with the higher initial pressure 

bar (Ǐ in red) has a comparatively shorter ignition delay period compared to WCO. Alternatively, 

DME (  in blue) with the lower initial pressure has a longer ignition delay period compared to 

WCO. This suggests that the influence of the initial pressure has a greater influence on the ignition 

delay as compared to the other factors. In comparison, it appears that the pressure influence on 

MD (ö in green and ³ in pink) kinetics in combination with its lower CN results in a greater ignition 

delay even though it operated homogeneously at greater equivalence ratios.  
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Figure 10: Comparison of obtained ignition delay results for BD with (a) ST, (b) CK, and 

(c) CVCV studies. 

1. Figure 10b CK comparison: The two fuels considered for comparison have a relatively 

lower CN than WCO. Additionally, SME (with initial pressure of 13.5 bar: Ǐ in red) and 

MD (ö in green) have a lower initial pressure. While the equivalence ratio for these two 

cases is relatively higher than WCO, the higher initial pressure and CN of WCO results in 
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a shorter ignition delay. Alternatively, SME with initial pressure of 40.0 bar (ȹ in blue) has 

comparable ignition delay periods for temperatures above 700 K. However, there is a sharp 

spike in the ignition delay period for temperatures below 700 K. This is due to the CK 

pathway shifting from the intermediate temperature propagation pathway to low 

temperature termination pathway. The reactivity of the system is relatively low in the 

termination pathway resulting in the increase in ignition delay observed for temperatures 

lower than 700 K. It appears again that the operating pressure dominates the ignition delay 

period.  

2. Figure 10c CVCV comparison: For the JME and PME tests, the equivalence ratio is similar 

to the WCO case. In addition, both fuels have a marginally higher CN compared to WCO, 

but a lower initial pressure (i.e., 20 bar versus 28 bar est. average). As indicated by Oo et 

al., the fuel injection pressure for both JME and PME was significantly higher (80.0 MPa) 

compared to WCO (48.0 MPa). Thus, the fuel penetration caused by the higher injection 

pressure could result in an extension of the chemical delay period due to heat transfer 

losses. Overall, JME and PME had comparable ignition delay periods to WCO due to 

generally similar conditions until the temperature dropped below around 700 K. Below 700 

K, the ignition delay rises significantly due to shift in the CK pathway. However, the rise 

in the ignition delay period of WCO is less pronounced compared to JME and PME. In 

comparison with CVCV systems, the higher turbulence available in the CI chamber at the 

time of injection assists in mixture preparation; hence, reducing the physical delay period. 

This could contribute to the lesser effect on ignition delay observed at low temperatures 

for WCO. Based on these findings, the effect of the fuel properties and the initial conditions 

on ignition delay period are summarized in Table 7. 
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The ignition delay trends for both theoretical and experimental results from the literature 

depicted in Figure 10 are similar to the results obtained in this study. Importantly, in the 

temperature window from about 700 to 800 K, the ignition delay periods of WCO were similar 

to: 

a. ST results of DME (ȹ in blue) as shown in Figure 10a.  

b. CK modelling results of SME (ȹ in blue) as shown in Figure 10b. 

c. CVCV results of JME (Ǐ in red) and SME (ȹ in blue) as shown in Figure 10c.  

Table 6: Key details of the studies and the operating conditions used to evaluate ignition 

delay via ST, CVCV, or CK oxygenated fuel studies. 

No. Study type Fuel CN [-] 
Pressure 

[bar] 

Equivalence 

Ratio [-] 
References 

1 ST DME 
55.0 -

60.0 

13.0 and 

40.0 
1.0 [123] 

2 ST MD 47.0 
16.0 and 

15.0 
0.5 and 1.0 [130] 

3 CVCV 
JME and 

PME 

56.4 and 

56.8 
20.0 0.2 [131] 

4 CK modelling SME 51.0 
13.5 and 

40.0 
1.0 [124] 

5 CK modelling MD 47.0 20.0 1.0 [132] 

6 Current study WCO 52.8 15.0 - 40.0 0.1 to 0.2 - 

Table 7: Effect of fuel properties and operating conditions on ignition delay period. 

Changing property ŷ CN 
ŷ Initial 

pressure 

ŷ Equivalence 

ratio 

ŷ Mixture 

homogeneity 

Influence on ignition delay Ҩ ҨҨ Ҩ Ҩ 

Additionally, there is a temperature window where the ignition delay period remains relatively 

unchanged with rising temperature; hence, representing the NTC behavior. Beyond this 
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temperature window (higher or lower), the ignition delay (almost) linearly shifts according to the 

initial temperature. 

This comparison indicates the dependency of the CN, initial pressure, equivalence ratio, and 

homogeneity of the mixture on the magnitude of ignition delay period. In this context, CK models 

of ULSD/BD surrogates rely significantly on data from ST and CVCV experiments to validate 

predicted ignition delay trends. One important combustion phenomenon that is critical to capture 

is the NTC behavior of ULSD/BD. Importantly, there is a drive to operate CVCV, ST, and other 

similar systems at conditions comparable to a production engine [133, 134]. In other words, there 

is a need for data with experiments conducted at relatively high pressures with lower equivalence 

ratio mixtures more representative of production CI engines. Here, the NTC behavior of WCO was 

captured successfully with a high CR CI engine operating in lean conditions (f ~ 0.15). In addition, 

the similarity in the ignition delay trends and their comparable magnitude provide further support 

of pertinent data collection. Thus, the presented results provide valuable and important data that 

can be utilized for validating current and future CK model studies. This is especially relevant given 

the limited data available in the literature that focuses on the NTC behavior of BD fuels under lean 

conditions. Subsequently, validating and calibrating CK studies using experimental results 

obtained from an engine with a varying pressure profile and at higher pressures would be closer to 

production engine conditions.  

2.4.3 Emission Results 

Due to their importance from a regulation perspective, engine exhaust emissions were collected 

and the results of a few selected species for the 1.5 N-m load condition are presented in Figure 11. 

As the FIT is advanced, NOx emissions increase gradually between 12.0° and 27.5° BTDC (Figure 
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11a) before declining sharply for FITs earlier than 30.0° BTDC. Following the traditional NOx-

PM tradeoff, the PM (FSN) emissions decreased at the outset for fuel injection events between 

12.0° and 27.5° BTDC and then elevated sharply for the earlier set points. The equivalence ratios 

for these trials were between 0.170 and 0.190; hence, a significant amount of excess O2 was 

available in the combustion chamber for all events and load conditions considered (Figure 4). 

Additionally, the in-cylinder temperature increases between 12.0° and 27.5° BTDC (Figure 5b and 

Figure 7b). This combination of high temperatures in the presence of excess O2 is ideal for the 

formation of thermal NOx emissions and NOx formation through the prompt NO mechanism (i.e., 

rich mixtures) is insignificant. While the in-cylinder temperature is high for the 30.0° BTDC 

injection event, a marginal drop in NOx emissions was observed. This decrease in NOx emissions 

was comparatively enhanced at 35.0° BTDC and was lower than the conventional timing (12.0° 

and 12.5° BTDC).  

Interestingly, NOx emissions between 12.0° and 25.0° BTDC are higher than 35.0° BTDC even 

though the in-cylinder temperature for the latter event is higher. The air-fuel mixture is relatively 

leaner (more O2) for these events compared to 35.0° BTDC. Therefore, the reduced temperature 

difference between the local combustion region and bulk gasses has a dominating effect over the 

declining NOx emissions seen at 35.0° BTDC compared to other factors (temperature and lean 

mixtures). Yet again, like the earlier performance analysis, the in-cylinder pressure at the time of 

fuel injection has a significant influence on emissions. Overall, NOx at 35.0° BTDC was about 

2.5% lower than the conventional FIT. Additionally, the NOx at 35.0° BTDC was about 61.5% 

less than the maximum NOx recorded at 27.5° BTDC. In contrast, a marginal 3.7% decrease in 

combustion efficiency was observed between the peak combustion efficiency setpoint to 35.0° 
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BTDC. The ignition delay for the 35.0° BTDC event was about 67% longer than the conventional 

FIT setpoint (12.0° BTDC). This excess time available assists in forming a mixture that is more 

homogeneous compared to the fuel mixture obtained with conventional FIT. The air-fuel mixture 

is still stratified; however, the distribution of the fuel is relatively more even for fuel injected at 

35.0° BTDC. The absence of oscillations in the in-cylinder pressure trace suggests that the increase 

in pressure post SOC was relatively more gradual and uniform (Figure 7a). These effects aid in 

the reduction of the temperature difference between the local combustion zone and the bulk gas; 

hence, lower NOx observed at 35.0° BTDC. Importantly, Dickey et al. elucidate that reducing the 

temperature difference between the local combustion region and the bulk gas assists in decreasing 

NOx emissions [8].  

       

Figure 11: (a) Nitrogen oxides, FSN, and PM, and (b) CO and THC emissions at 1.5 N-m 

load for various FITs with BD. 

In Figure 11a, PM decreases initially (between FITs 12.0° to 25.0° BTDC) due to increasing in-

cylinder temperatures. When the in-cylinder temperature begins to level out and then decline, PM 

emissions start to rise slightly for the 27.5° and 30.0° BTDC events followed by a rapid rise at 
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35.0° BTDC. Interestingly, the in-cylinder temperature is higher at 35.0° BTDC than compared to 

the setpoints between 12.0° and 25.0° BTDC. Recalling Figure 4, the fuel injected at 35.0° BTDC 

is significantly greater than the fuel injection events between 12.0° and 25.0° BTDC. As discussed 

earlier, this is due to a combination of gradually increasing heat transfer losses, double 

compression effect, and fuel wall wetting with FIT advancement. This suggests the possibility of 

declining combustion efficiencies for FITs earlier than 30.0° BTDC. As seen in Figure 12, the 

combustion efficiency increases for events between 12.0° and 25.0° BTDC. However, the 

combustion efficiency gradually deteriorates and there is a sharp decline in the combustion 

efficiency for the 35.0° BTDC event.  

 

Figure 12: Combustion efficiency vs. FIT at 1.5 N-m for BD. 

This theory is further substantiated by the products of incomplete combustion: CO and THC. The 

general trend as seen in Figure 11b depicts that both THC and CO emissions decrease as the FIT 

is advanced between 12.0° and 22.5° BTDC. As discussed earlier for these events, the in-cylinder 

temperature and fuel flow rate increase gradually (in the presence of excess O2); hence, ensuring 
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complete oxidation of the fuel. This is also represented by the increasing combustion efficiency 

for these setpoints (Figure 12). As the FIT is advanced further, a sharp increase in both CO and 

THC emissions can be observed beginning at 25.0° BTDC. Yet again, the in-cylinder temperature 

continues to increase for FITs between 25.0° and 30.0° BTDC. Alternatively, the fuel flow rate 

stays relatively constant for these set points at 1.5 N-m load conditions. The combination of 

increasing in-cylinder temperature between 25.0° and 30.0° BTDC, and rising CO, THC, and PM 

emissions suggest the following:  

1. The cylinder pressure at the time of fuel injection directly influences the amount of cylinder 

wall wetting; specifically, lower in-cylinder pressures result in higher fuel deposits. Here, the 

amount of fuel failing to participate in combustion due to wall wetting depends more on the 

pressure at the time of fuel injection compared to the subsequent in-cylinder temperature.  

2. Since the SOC timing shifts further into the compression stroke, the amount of time available 

for heat transfer losses increases. This results in poorer combustion and fuel conversion 

efficiencies and elevated incomplete combustion products (CO and THC).  

To overcome low load restrictions, one or more of the following alternatives can be attempted:  

1. EGR: EGR enables an increase in ignition delay while additionally lowering in-cylinder 

temperatures enabling a further reduction in NOx emissions often without a significant loss in 

combustion efficiency.  

2. Utilizing ethanol as a pilot fuel through PFI: Mixing ethanol with air through PFI strategy will 

aid in extending the ignition delay as ethanol has a relatively low CN. This method would also 

assist in eliminating the carbon-based emissions (CO and PM) compared to using EGR.  
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3. Reducing the CR: A significant restriction of achieving PPCI was the relatively high CR of the 

engine (21.2). Reducing the CR of the engine would lower the peak in-cylinder pressure; 

hence, enabling the extension of the operating load level.   

2.4.4 Comparison of ULSD and BD  

The amount of BD utilized during the experiments mostly grew in comparison to ULSD as 

presented in Table 8 [108]. Initially, the fuel consumption of BD was lower than ULSD for the 

conventional injection event. Typically, contrary to these results, the magnitude of BD consumed 

is higher than ULSD due to its lower energy content. Here, all operating parameters were set 

constant between BD and ULSD tests to maintain consistency while comparing. Nevertheless, this 

anomaly could be due to subtle differences in ambient conditions (e.g., intake air temperature, 

humidity, and ambient temperature and pressure) that is magnified under relatively low load 

conditions. As the FIT was advanced, the amount of BD required to maintain the engine torque 

was higher than ULSD. Since there is only a small amount of fuel added in all scenarios, the higher 

viscosity of BD causing a comparatively poor atomization process is largely negated, and the 

mixture is assumed to be relatively more homogeneous. Therefore, the lower energy content of 

BD becomes the main factor in the rise of fuel consumption.  

With respect to performance parameters, results of ULSD and BD at MBT, 25.0°, and 35.0° BTDC 

injection timings at 1.5 N-m load conditions are depicted in Figure 13. The peak in-cylinder 

pressures were marginally higher for ULSD (Figure 13a) due to the lower energy content of BD. 

This is buffered slightly by the dissociation of more energetic double bonds in BD compared to 

ULSD. In addition, the peak in-cylinder pressure timing was slightly earlier for BD due to the 

higher CN of BD. It is important to note that the differences in the magnitude of peak pressure and 

its timing between ULSD and BD were approximately 0.5 to 2.0 bar and 0.5° to 2.0° of crank 
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angle, respectively. Similar results of higher in-cylinder pressure and delayed peak pressure timing 

of ULSD as compared to BD were obtained by several other studies [30, 135].   

Table 8: Percentage increase in BD consumption compared to ULSD. 

 Engine torque (N-m) 

FIT (° BTDC) 0.5 1.5 

Conventional -4.40% -5.21% 

25.0 3.42% 2.89% 

27.5 0.80% 2.89% 

30.0 0.48% 2.92% 

35.0 2.00% 4.36% 

The in-cylinder temperature (Figure 13b) and ROHR (Figure 13c) for BD and ULSD largely 

follows the in-cylinder pressure trend at all points considered. As intended, the ignition delay and 

SOC results for both fuels at MBT timing are comparable (Figure 13d). The physical delay period 

for BD is expected to be higher than ULSD as its higher viscosity and density results in a delayed 

fuel breakup and vaporization. In particular, the conversion of heavier molecules of BD into lighter 

and volatile molecules during the injection process takes a longer duration (Enweremadu and 

Rutto, 2010). However, the higher CN and the presence of O2 in BD ensures that the chemical 

delay period is shorter. This results in a briefer ignition delay and earlier SOC as compared to 

ULSD. This can be seen clearly in Figure 13d where the ignition delay of BD decreases gradually 

as the FIT is advanced. For the 35.0° BTDC injection event, the SOC timing of BD occurs at 15.0° 

as compared to 13.8° BTDC for ULSD. On the other hand, there is a temperature window where 

the ignition delay period remains relatively unchanged with increasing in-cylinder temperature. 

Like BD, this represents the NTC behavior of ULSD.  
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Figure 13: (a) In-cylinder pressure, (b) in-cylinder temperature, and (c) ROHR vs. crank 

angle, and (d) exhaust temperature vs. FIT at 1.5 N-m engine torque for MBT and 35.0° 

BTDC FIT.  

With respect to emissions, BDôs NOx emissions were generally lower at all points due to the lower 

in-cylinder temperature (Figure 14a). Importantly, the global equivalence ratio with BD is 

relatively less due to the excess O2 contained in the fuel. Interestingly, NOx for BD was lower at 



 

79 

 

35.0° compared to the conventional injection timing for ULSD (12.5°). While the amount of fuel 

injected was lower, PM emissions were greater for ULSD at all setpoints except for 35.0° BTDC. 

Additionally, CO and THC emissions for all the fuel injection events were higher for ULSD 

compared to BD (Figure 14b). The magnitude of the in-cylinder temperature and pressure is 

relatively low for fuel injected at 35.0° BTDC. Therefore, the combustion chamber conditions do 

not favor instantaneous vaporization of the injected fuel. In addition, the comparatively higher 

viscosity and density of BD further extend the physical delay process. The combination of these 

two reasons increases the possibility of fuel wall wetting that results in increased PM emissions. 

However, CO and THC emissions for the 35.0° BTDC event are marginally lower for BD 

compared to ULSD. Therefore, the higher PM recorded at this setpoint for BD could be an 

anomalous reading from the Smoke Meter. In general, the absence of O2 in ULSD has a dominating 

effect on the emissions related to products of incomplete combustion even though its in-cylinder 

temperature is slightly greater.  

    

Figure 14: Comparison of ULSD and BD (a) NOx and PM, and (b) CO and THC emissions 

at 1.5 N-m load for various FITs. 
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2.5. Conclusion 

To comply with the emission norms of the future, it is imperative to address the difficulties 

associated with alleviating the NOx-PM tradeoff in CI engines. LTC is a popular approach that has 

proven successful in the simultaneous reduction of NOx and PM emissions. In parallel, BD is 

popular due to its ease of production and sustainable nature. Knowledge of the performance and 

emissions characteristics of BD while operating in the LTC regime is limited. Due to its simplicity, 

LTC by varying the FIT (i.e., PPCI operation) was attempted using BD extracted from WCO as 

the test fuel. FIT sweeps (12.0° to 35.0° BTDC) at 0.5, 1.0, and 1.5 N-m low load conditions were 

conducted on a comparatively high CR (21.2) single cylinder CI engine. Based on the results 

obtained, the following key conclusions can be drawn:  

1. As the FIT is advanced, SOC moves gradually into the compression stroke. When ignition 

occurs before TDC, the expanding combustion gasses and the compressing fresh charge 

interact creating a double compression effect. Since a part of the combusted fuel energy goes 

wasted due to heat transfer and wall wetting, the fuel required to maintain a preset engine 

torque increases.  

2. Due to the combination of an elevated fuel quantity injected and the double compression effect, 

the in-cylinder pressure, temperature, ROHR, and exhaust temperatures gradually rise as the 

FIT is advanced between 12.0° and 30.0° BTDC.  

3. Contrary to expectation, the ignition delay period remains relatively unchanged for FITs 

between 12.0° and 22.5° BTDC. The high CR of the test engine assists in achieving a relatively 

constant ignition delay irrespective of the amount of fuel injected resulting in a linear shift in 

SOC timing. However, there is a gradual decline in the ignition delay period for events between 

22.5° and 30.0° BTDC due to the NTC behavior of BD combustion. Finally, the ignition delay 
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increases once the initial temperature of the combustion chamber at the time of fuel injection 

moves away from the NTC window. 

a. For the 35.0° BTDC event, a decline in the in-cylinder pressure, temperature, and 

ROHR were observed. Additionally, oscillations in the pressure trace representing 

engine knock disappear suggesting smoother combustion. The gradually declining 

pressure and temperature of the combustion chamber at the time of fuel injection 

appears to have a dominating effect on ignition delay and the combustion pathway. 

This could be due to energy loss through heat transfer, flame quenching due to 

excessive wall interaction, or incomplete combustion due to cylinder wall wetting. 

4. Ignition delay trends obtained with the engine were comparable to both theoretical (CK 

modelling) and experimental studies (ST and CVCV) presented in the literature. The NTC 

behavior of WCO and its influence on ignition delay were successfully captured using a high 

CR CI engine operating in lean conditions (f ~ 0.15). Therefore, the data presented could 

potentially assist in improving and validating current and future CK models of BD surrogates.  

5. With respect to emissions, NOx increased initially for FIT events between 12.0° and 27.5° 

BTDC due to the excess availability of O2 (lean conditions) and an increasing in-cylinder 

temperature. This can be correlated with decreasing PM, THC, and CO emissions for these 

events. Alternatively, NOx begins to decrease at 30.0° BTDC and for a FIT of 35.0° BTDC, 

NOx is significantly lower. The extended ignition delay observed for 35.0° BTDC assists in 

forming a more homogeneous mixture that spreads across the combustion chamber. This 

results in decreasing the temperature difference between the local combustion zone and the 

bulk gas; hence, reducing NOx emissions. In parallel, PM, CO, and THC emissions begin to 

increase for 30.0° BTDC and earlier injection events due to a greater level of wall wetting.  
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6. Comparing ULSD with BD, the general trends of both performance and emissions were 

similar. The amount of BD consumed to achieve the necessary load was greater compared to 

ULSD due to its lower energy content. Nevertheless, combustion of ULSD recorded higher in-

cylinder pressures, temperatures, and ROHR. ULSD had an extended ignition delay compared 

to BD due to its lower CN. The higher CN has a predominant effect over ignition compared to 

other BD physical properties, such as viscosity and density. Finally, NOx, PM, CO, and THC 

were generally higher for ULSD compared to BD. While the elevated in-cylinder temperature 

had a dominating effect on NOx emissions, the O2 contained in BD appears to have a greater 

influence over mitigating incomplete combustion products.  
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Chapter 3: Effect of Exhaust Gas Recirculation on Combustion Characteristics of Ultra Low 

Sulfur  Diesel in Conventional and PPCI Regimes 

Abstract 

A series of experiments were conducted aiming to alleviate the trade-off between nitrogen oxides 

(NOx) and particulate matter (PM) emissions by operating in the Partially Premixed Charge 

Compression Ignition (PPCI) regime. PPCI was attempted at low load conditions by utilizing a 

combination of Fuel Injection Timing (FIT) variations in the presence of Exhaust Gas 

Recirculation (EGR). The FIT was moderately advanced from the conventional FIT (12.5°) to 

30.0° Before Top Dead Center (BTDC) in 5° crank angle steps. In addition, an EGR sweep (0%, 

7%, 14%, and 25%) at all FIT set points was conducted. For all EGR rates considered, advancing 

the FIT lead to a gradual rise in the equivalence ratio of the mixture, in-cylinder pressure, 

temperature, and ROHR at all EGR rates due to energy losses associated with ignition occurring 

before the end of the compression stroke. PPCI was successfully achieved with a minimal negative 

impact on the performance parameters using a combination of FIT advancement in the presence 

of high rates of EGR. Specifically, the PM emission results for fuel injected at 25.0° BTDC and 

25% EGR was about 59% less and total hydrocarbons (THCs) were about 25% lower as compared 

to the conventional FIT (12.5°) without EGR. Moreover, carbon monoxide (CO) and NOx 

emissions were comparable for these setpoints. Similar results of lower NOx, PM, CO, and THC 

emissions were obtained at 20.0° FIT with 25% EGR as compared to the conventional injection 

timing without EGR.   

3.1. Introduction  

The combustion efficiency of CI engines depends on the quality of the air-fuel mixture and its 

spatial distribution in the combustion chamber. This quality is primarily a function of the fuel 
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injection pressure, FIT, and the CR of the engine [136-138]. Additionally, the spatial distribution 

of the air-fuel mixture depends on the piston bowl and combustion chamber geometry [139]. 

Before the SOC, if the air-fuel mixture is homogeneous and its distribution is uniform, combustion 

is kinetically controlled by the rate of the reaction [140]. This reaction rate is largely a function of 

pressure, temperature, type of fuel, and equivalence ratio [140]. Once the required auto-ignition 

temperature is achieved, the mixture ignites instantaneously without significant temperature and 

heat flux gradients. This typically yields combustion with comparatively high flame temperatures 

and, with the excess availability of O2, the combustion efficiency is relatively high [1].  

Contrarily, if the air-fuel mixture formed is heterogeneous, and/or the spatial distribution of the 

mixture is uneven, combustion is diffusion controlled. In this case, fuel pockets in the combustion 

chamber auto-ignite at dissimilar times depending on the local equivalence ratio and energy 

available. Here, the temperature difference between local combustion and global gas is 

comparatively greater due to gradients in temperature and heat flux. Since energy is transported 

through diffusion, the reaction speed is limited by the diffusion rate of the gas in the chamber 

[140]. One significant disadvantage of diffusion-controlled combustion is the undesired exhaust 

emissions generated. While there have been significant improvements in technology and the design 

of injection systems used in CI engines over the last two decades, due to the non-linear behavior 

of the engine, control over air-fuel mixture preparation is limited restricting combustion to be 

mostly diffusion controlled. Therefore, conventional combustion restricts the ability to reduce 

undesired harmful exhaust emissions, such as NOx and PM. Importantly, their simultaneous 

reduction is a significant challenge. 

As discussed earlier in Chapter 1, LTC has the potential to defeat the NOx-PM tradeoff. Due to the 

ease of its implementation, PPCI combustion, a variant of LTC, was attempted utilizing ULSD as 
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the test fuel in an earlier work by the author [108]. The FIT was advanced in small steps aiming to 

increase the ignition delay (ID) period and improve mixture homogeneity. As seen from 

experimental results obtained [108], the ID period remained relatively constant for most of the 

cases considered. Importantly, the high CR of the engine compelled SOC to occur before the 

completion of the compression stroke. Additionally, to ensure engine safety, the engine was 

restricted to operate at low load conditions (i.e., preventing high in-cylinder pressure rates) due to 

SOC BTDC.  

To extend the ID while potentially expanding the operating load conditions, employing EGR is a 

popular choice. EGR provides the added benefit of reducing NOx emissions. As discussed earlier 

(Chapters 1 and 2), the combination of high combustion temperatures and excess O2 availability 

is ideal for the oxidation of N2 contained in the air to form NOx. When exhaust gas is recirculated, 

the concentration of O2 in the air-fuel mixture reduces. Moreover, exhaust gases contain heavier 

molecules such as CO and CO2, that are inert to the combustion reaction and act as a diluent; 

thereby, reducing the combustion temperature. By decreasing both the O2 concentration and the 

combustion temperature, it is possible to reduce NOx emissions [10, 60-62, 65, 67-70, 72, 73, 75]. 

Furthermore, the combustion regime can shift to LTC at high rates of EGR due to the dominance 

of low temperature heat release CKs. This is the important difference between LTC and 

conventional combustion where CKs predominantly lead to a high-temperature heat release [61, 

66, 68]. Utilizing hot EGR gasses also elevates the combustion chamber temperature before SOC 

that assists in fuel atomization by evaporating the injected fuel. Overall, EGR is the most common 

strategy utilized when attempting to operate in the LTC regime. However, utilizing EGR has 

certain disadvantages including a reduced combustion efficiency and an elevated BSFC [10, 62, 

64, 72]. In addition, increasing the EGR rate will lower the combustion pressure, temperature, and 
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ROHR [65, 67, 70]. As a result, CO, THC, and PM emissions are generally higher when employing 

EGR [10, 60-62, 65, 67-70, 72, 73, 75].  

Overall, there is exhaustive evidence in the literature showing that varying the FIT in the presence 

of EGR can assist in reducing the NOx-PM tradeoff. Specifically, LTC can be accomplished with 

the PPCI strategy by obtaining instantaneous autoignition of a (largely) homogeneous air-fuel 

mixture by extending the ID period through modulating the level of EGR and FIT. This approach 

is applicable for both BD and ULSD utilized in a CI engine. Other techniques, such as employing 

fuel additives [141, 142], water injection [143], and emulsions [144], can also assist in achieving 

LTC. However, these are not feasible due to restrictions in their practical implementation. 

Therefore, a series of experiments were conducted at the University of Kansas (KU) aiming to 

achieve PPCI through FIT modulation and EGR strategies. The description of the experimental 

setup utilized, and the standard operating procedure followed can be found in Chapter 2. 

Additionally, a zero-dimensional heat release model has been employed to compute 

thermodynamic parameters, such as the in-cylinder temperature, ROHR, ID period, and SOC 

timing. Details of the heat release model can be found in the work of Mattson et al. [114]. The 

engine operating parameters selected are presented next before discussing the obtained results  

3.2. Experimental Conditions 

To recap, the physical properties of ULSD utilized in this study are presented in Table 9. 

Additionally, engine operating load conditions were consistent with the earlier work (no EGR 

case) to ensure normalized comparison of results [108]. However, a few intermittent FIT points 

were eliminated as the combustion performance and emission results obtained at these intermittent 

points were similar and did not add anything significant to the trends observed (discussed in 

Chapter 2). With respect to EGR, experiments were conducted to estimate the maximum EGR rate 
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achievable at low load conditions. It was found that 25% EGR was the maximum attainable EGR 

rate at the 0.5 N-m load level. Therefore, 0%, 7%, 14%, and 25%, EGR rates were selected as the 

operating points. Overall, the FIT, EGR, and engine load settings at which engine performance 

and emissions data were collected are presented in Table 10. Since the combustion performance 

and emission trends of all three load conditions were similar, only the 1.5 N-m load results are 

presented. The results of the 0.5 N-m and 1.0 N-m are presented in the Appendix. The standard 

operating procedure followed during data collection is described in Chapter 2.  

Table 9: ULSD fuel properties [98]. 

Property ULSD 

Density (kg/m3) 839.60 ± 0.01  

Kinematic Viscosity (cSt) 2.481 ± 0.001 

Dynamic Viscosity (cP) 2.083 ± 0.001 

CN 42.3 

Energy Content (kJ/kg) 45494 ± 44 

H/C molar ratio 1.80 ± 0.04 

Table 10: Engine operating load conditions and associated EGR and FIT settings. 

Target Engine Loads (N-m) FIT (° BTDC) Target EGR Rates (%) 

0.5, 1.0, and 1.5  12.0, 15.0, 20.0, 25.0, and 30.0 0.0, 7.0, 14.0, and 25.0 

3.3. Results and Discussion ï Combustion Performance Parameters 

3.3.1 Effect of Advancing FIT 

The influence of FIT on the equivalence ratio of ULSD is presented in Figure 15. Initially, for the 

0% EGR case, advancing the FIT from the MBT timing (12.5° BTDC) led to a gradual increase in 

the equivalence ratio for all three load conditions. This is due to the early onset of combustion and 

associated energy loss (explained in the following section). A similar trend of increasing fuel 

consumption with advancing FIT was recorded at 7%, 14%, and 25% EGR rates.  
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Figure 15: Equivalence ratio vs. FIT at (a) 0.5 N-m, (b) 1.0 N-m, and (c) 1.5 N-m load 

conditions for ULSD with EGR .  

Additionally, the fuel consumed was highest for the 1.5 N-m (Figure 15c) load condition and least 

for the 0.5 N-m (Figure 15a) load condition at all EGR and FIT setpoints considered in Figure 15. 

As expected, operating at higher loads requires more fuel. With respect to BSFC, the general trend 

expected is for it to gradually rise with advancing FIT due to an increase in the amount of fuel 
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required to maintain a constant engine load and associated heat transfer losses. However, there is 

no clear trend noticeable in Figure 16a due to difficulties associated with maintaining a constant 

engine torque during the data acquisition period. As depicted in Figure 16b, the actual engine 

torque is marginally higher or lower than the required setting (1.5 N-m). The ultra-lean operating 

conditions cause combustion variability; hence, skewing the BSFC trends.  

With respect to performance parameters, advancing the FIT generally resulted in a gradual increase 

in the in-cylinder pressure (Figure 17a), temperature (Figure 17b), and ROHR (Figure 17c) for the 

0% EGR rate. In addition, the timing of the peak in-cylinder pressure (ɗ-max,Pressure), temperature 

(ɗ-max,Temperature), and ROHR (ɗ-max,ROHR) mostly occur earlier in the compression stroke as the 

FIT is gradually advanced. The values of peak in-cylinder pressure, temperature, and ROHR, and 

the corresponding ɗ-max,Pressure, ɗ-max,Temperature and ɗ-max,ROHR are provided in Figure 18d Figure 

18e and Figure 18f respectively assist in better understanding these trends. Similar results of 

advancing ɗ-max,Pressure, ɗ-max,Temperature and ɗ-max,ROHR, and rising in-cylinder pressure and 

ROHR with FIT advancement were obtained by other researchers [60, 61, 63, 64, 70]. Importantly, 

the ignition timing moves further into the compression stroke as the FIT is advanced. This can be 

seen by the early separation of the in-cylinder pressure curve away from the motoring curve.  
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Figure 16: (a) BSFC and (b) Engine torque vs. FIT at 1.5 N-m load condition for all EGR 

rates with ULSD. 

The SOC and ignition delay details presented in Figure 17d also reflect this outcome. Since ignition 

occurs a few degrees before TDC for fuel injected at 15.0° BTDC and earlier, the expanding 

combustion gasses interact with the compressing piston action resulting in the double compression 

effect. However, a majority of this energy is recovered during the expansion stroke. Nevertheless, 

the interaction of the flame with the compressing gasses increases its interaction with the wall 

resulting in combustion flame quenching. In addition, as the SOC timing advances into the 

compression stroke, the time available for energy loss through heat transfer rises gradually. Thus, 

the amount of fuel required to maintain a constant engine load increases marginally due to the 

combination of the energy loss through flame quenching and heat transfer losses. This results in 

the higher equivalence ratio observed in Figure 15, and the corresponding rise in the in-cylinder 

pressure (Figure 18a), temperature (Figure 18b), and ROHR (Figure 18c) for FIT events between 

12.5° and 25.0° BTDC. 
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Figure 17: (a) In-cylinder pressure, (b) in-cylinder temperature, (c) ROHR, and (d) ID and 

SOC vs. FIT at 1.5 N-m load condition for 0% EGR with ULSD. 

Interestingly, the oscillations in the pressure curve representing CI knock can be observed for most 

set points. However, these oscillations are relatively negligible for the 30.0° BTDC event 

suggesting gradual combustion of a comparatively more homogeneous air-fuel mixture (also seen 

in prior work [108]). Here, the CI knock discussion is based solely on the oscillations observed in 

the in-cylinder pressure curve, and no exclusively knock analysis was performed. In addition, the 
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peak in-cylinder pressure, temperature, and ROHR for the 30.0° BTDC are marginally lower than 

the 25.0° BTDC event (Figure 18a, b, and c). As discussed in an earlier chapter, in addition to the 

excessive heat transfer loss, this decline in ROHR observed at 30.0° BTDC could be due to: (a) 

transition in combustion from conventional to LTC, or (b) deteriorating combustion efficiency. 

The emission results and the comparison of ignition delay versus in-cylinder temperature at the 

time of fuel injection data (presented later) will assist in making this conclusion. 

Interestingly, there is a shift in the trend of ɗ-max,Pressure that can be seen in Figure 18d. As the FIT 

is advanced between 12.5Á and 20.0Á BTDC, ɗ-max,Pressure moves into the compression stroke. 

However, it shifts towards TDC for fuel injected at 25.0° BTDC. This is due to the NTC behavior 

of ULSD in CI engines and is explained in the following section with the aid of ID versus in-

cylinder temperature plots.  

Moving forward, the ID marginally reduces as the FIT is advanced between 12.5° and 20.0° BTDC 

(Figure 17d) for the 0% EGR case. The ID period for the 20.0° and 25.0° BTDC events are 

comparable. In general, this suggests that the high CR of the engine (21.2) ensures that the in-

cylinder pressure and temperature at the time of fuel injection are sufficiently high for 

instantaneous vaporization followed by ignition. However, the in-cylinder temperature at the time 

of fuel injection gradually reduces as the FIT is advanced between 12.5° and 30.0° BTDC (Figure 

19a).  
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Figure 18: Peak in-cylinder (a) pressure, (b) temperature, (c) ROHR, and corresponding 

crank angle position of (d) pressure, (e) temperature, and (f) ROHR vs. FIT for 1.5 N-m 

load condition with ULSD. 

Nevertheless, the ID decreases gradually for FIT advancement between 12.5° and 25.0° BTDC as 

seen in Figure 19b and Table 11. As explained in Chapter 2, this is due to the NTC behavior of 

ULSD [118, 120-122]. Briefly, at high initial temperatures, the air-fuel mixtures prefer a channel 

propagation pathway resulting in ignition followed by relatively high energy release. Alternatively, 

at lower initial temperatures, the fuel prefers a chain branching pathway and subsequent ignition. 

Importantly, the reactivity of the charge increases reduces during the transition from the channel 

propagation to the branch propagation pathways, or due to the competition in the two available 

pathways. In other words, a temperature window exists in which the decreasing initial temperature 
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causes an increase in the reactivity of the system. This region is called the NTC region. A lower 

ID period is a well-known characteristic of air-fuel mixtures in the NTC region [118, 120-122]. 

For instance, the ID periods for the fuel injected at 12.5° and 15.0° are greater than 20.0° and 25.0° 

events though the in-cylinder temperature at the time of injection is higher for the former events 

(Figure 19a).  

Alternatively, there is a sharp rise in the ID for the fuel injected at 30.0° BTDC. This is also 

reflected by the SOC trend that sharply moves away from the (almost) linear pattern for the 30.0° 

BTDC event (Figure 17d). This indicates that the relatively low in-cylinder temperature and 

pressure at the time of fuel injection switches the kinetics to a pathway which has a comparatively 

lower reactivity. Additionally, the lower in-cylinder pressure at the time of fuel injection enhances 

fuel penetration resulting in fuel wall wetting. The fuel that adheres to the combustion chamber 

walls (aka, wall wetting) fails to participate in the main combustion process. This can be further 

established through incomplete combustion products (CO and THC emissions), as described in the 

following section. As a result, it can be assumed that this extended ID provides the necessary time 

to create an air-fuel mixture with better homogeneity as compared to conventional combustion. It 

is important to note that the air-fuel mixture for fuel injected at 30.0° BTDC is still stratified. 

Especially, contrasted to the homogeneity of mixtures obtained through PFI systems. 
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Table 11: Ignition delay period and in-cylinder temperature at the time of fuel injection for 

all set points considered at 1.5 N-m load condition. 

  FIT [° BTDC] 

EGR Rate   12.5 15 20 25 30 

0% 

ID [ms] 

1.194 (ȹ) 1.185 1.167 1.167 1.704 

7% 1.157 1.13 1.111 1.13 1.685 

14% 1.157 1.13 1.093 1.111 1.685 

25% 1.176 1.167 1.148 1.111 
1.704 

(ȹ) 

  FIT [° BTDC] 

EGR Rate   12.5 15 20 25 30 

0% In-cylinder 

temperature 

at the time 

of injection 

[K]  

770.93 767.04 733.98 699.81 651.54 

7% 782.21 777.67 742.1 706.93 658.71 

14% 784.79 778.74 743.76 710.64 660.12 

25% 788.55 781.52 746.39 710.49 661.18 
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Figure 19: (a) In-cylinder temperature at the time of fuel injection and (b) ID vs. EGR rate 

at 1.5 N-m with ULSD. 



 

96 

 

Subsequently, the in-cylinder pressure, temperature, ROHR, and SOC/ID trends for 7% EGR 

(Figure 20), 14% EGR (Figure 21), and 25% EGR (Figure 22) are comparable to the no-EGR case. 

As depicted in Figure 20a, Figure 21a, and Figure 22a, analogous to the 0% EGR case, as the FIT 

is advanced the magnitude of peak pressure gradually rises for FIT between 12.5° and 25.0° BTDC 

(Figure 18a). In addition, the combustion pressure declines marginally for the 30.0° FIT compared 

to the 25.0Á BTDC event. Similar to the 0% EGR case, the ɗ-max,Presssure (Figure 18d) moves into 

the compression stroke between 12.5° and 20.0° BTDC for 7%, 14%, and 25% EGR rates. 

However, ɗ-max,Pressure shifts towards TDC for the 25.0° BTDC for all three EGR cases. In 

addition, the oscillations in the pressure curve are negligible for the 30.0° BTDC event.  

Similar to the combustion pressure, the combustion temperature and ROHR trends for the 7% 

(Figure 20b and Figure 20c), 14% (Figure 21b and Figure 21c), and the 25% (Figure 22b and 

Figure 22c) EGR cases are comparable to the 0% EGR case. The combustion temperature (Figure 

18b) gradually increased as the FIT was advanced due to the excess fuel injected. This excess fuel 

is required to compensate for the energy loss through heat transfer, double compression effect, and 

flame quenching to maintain a constant operating load. The combustion temperature and ROHR 

marginally decline for fuel injected at 30.0° compared to the 25.0° BTDC event.  

Finally, the ID and SOC trends for the 0%, 7% (Figure 20d), and 14% EGR (Figure 21d) cases 

were comparable. Recalling the in-cylinder temperature at the time of fuel injection, advancing the 

FIT gradually reduces the temperature for 7%, 14%, and 25% EGR rates. Nevertheless, the ID 

gradually decreased with FIT advancement between 12.5° and 20.0° BTDC. Therefore, a 

noticeable temperature window exists where the decreasing temperature leads to a marginal 

decrease in the ID period as seen in Figure 19. Importantly, the lowest ID for 0%, 7%, and 14% 

EGR cases was observed for fuel injected at 20.0° BTDC. 
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Figure 20: (a) In-cylinder pressure, (b) in-cylinder temperature, (c) ROHR, and (d) ID and 

SOC vs. FIT at 1.5 N-m load condition for 7% EGR with ULSD. 

Alternatively, the least ID for the 25% EGR case occurred for a FIT at 25.0° BTDC. This marginal 

difference in the ID shift observed could be due to cyclic variations or caused by a change in the 

kinetic behavior in the NTC region due to the presence of excess CO2 and/or due to the lack of O2. 

Unfortunately, there are no kinetic studies reported in the literature that support or reject this 

theory. Similar to the 0% EGR case, the ID period remains comparable at 25.0° BTDC while 
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increasing significantly at 30.0° BTDC for 7%, 14%, and 25% EGR rates. As discussed earlier, 

this is caused by an increase in the cylinder wall wetting due to fuel penetration that slows down 

the atomization and ignition process.  

  

  

Figure 21: (a) In-cylinder pressure, (b) in-cylinder temperature, (c) ROHR, and (d) ID and 

SOC vs. FIT at 1.5 N-m load condition for 14% EGR with ULSD. 
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Figure 22: (a) In-cylinder pressure, (b) in-cylinder temperature, (c) ROHR, and (d) ID and 

SOC vs. FIT at 1.5 N-m load condition for 25% EGR with ULSD.  

3.3.2 Effect of Increasing EGR 

Increasing the rate of EGR from 0% to 7% lead to an approximate 10% rise in the equivalence 

ratio as shown in Figure 15. This was true for all FIT and load conditions. Similarly, a further 10% 

(approximate) rise in the equivalence ratio was observed for the subsequent jump in EGR from 
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7% to 14%. Furthermore, for the 25% EGR setpoint, there is a sharp increase in the equivalence 

ratio observed (between 25% to 28%) compared to the 14% EGR case. In summary, the 

equivalence ratio for the 25% EGR case was about 52% to 57% higher than the 0% EGR setpoint. 

Nevertheless, it is important to note that the highest equivalence ratio recorded is approximately 

0.26 for the 1.5 N-m load condition with 25% EGR. Therefore, sufficient O2 is still available in 

comparison to the amount of fuel injected. Increasing EGR typically leads to an elevated BSFC 

due to the increase in the amount of fuel required to meet the engine load [61, 65, 66, 70]. However, 

the BSFC data shown in Figure 16a do not indicate a specific trend. As discussed earlier, the cyclic 

combustion variations of the engine skew the trend of BSFC at a few set points (Figure 16b). 

The in-cylinder pressure, temperature, and ROHR decrease with increasing EGR rate (see Figure 

18). As the EGR rate is increased, the amount of O2 displaced by CO2 rises. Thus, the general trend 

of declining combustion temperature, pressure, and ROHR is due to: 

1. The excess CO2 in the intake acts as a diluent (i.e., heat sink) and is mostly inert; hence, 

reducing the reactivity of the charge in the combustion chamber.  

2. The reduction in the availability of O2 lowers the rate of oxidation of the hydrocarbons 

resulting in lower chemical energy released. Additionally, the released energy is absorbed by 

the CO2 as it has a higher heat capacity.  

3. Additionally, since EGR is relatively hot, the higher temperature at the time of fuel injection 

assists with fuel evaporation and results in a subsequent earlier SOC. Thus, increasing the EGR 

lowers the ID period that results in less constant volume-like combustion.  

4. Somewhat counterbalancing these effects is the greater equivalence ratio that results in a higher 

adiabatic flame temperature as EGR is increased. 
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As expected, the magnitude of the peak pressure marginally declines for all FIT setpoints (Figure 

18a) with increasing EGR. The maximum decline in the pressure between 0% and 25% EGR rates 

was about 6.4% for fuel injected at 12.5° and 20.0° BTDC (Table 12). The corresponding 

minimum decline was about 2% observed for the 30.0° BTDC event. Analogous to the pressure, 

in-cylinder temperature gradually declines with increasing EGR rate for all FIT points (Figure 

18b). A maximum in-cylinder temperature decline of 4.2% was observed at 12.5°, and a minimum 

of 2.6% was seen at 30.0° BTDC. Overall, the magnitude of decrease in the in-cylinder pressure 

and temperature are relatively low. Finally, the ROHR gradually decreases with increasing EGR 

for all FITs considered (Figure 18c). The magnitude of decline between 0% and 25% EGR rates 

was relatively high for fuel injected at 12.5° (16.9%) and 15.0° (15.1%). Subsequently, for the 

20.0° and 25.0° events the corresponding decline was only about 8.8% and 6.6% respectively. For 

the fuel injected at 30.0° BTDC, increasing the EGR from 0% to 25% resulted in a 7.4% decline 

in the ROHR 

Table 12: Maximum decrease in performance parameters for increasing EGR from 0% to 

25% at 1.5 N-m load condition with ULSD. 

FIT [° BTDC] 
Maximum decrease between 0% and 25% EGR 

Pressure [%] Temperature [%] ROHR [%] 

12.5 6.4 4.2 16.9 

15.0 5.0 3.2 15.1 

20.0 6.4 3.6 8.8 

25.0 3.5 3.1 6.6 

30.0 1.8 2.6 7.4 

With respect to ID, the reduction in the reactivity of the system is expected to extend the ID period 

with increasing EGR. However, on close observation of the ID data presented in Table 13, the ID 

period marginally drops (about 3-4%) when the EGR rate is increased from 0% to 7% for all FIT 
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setpoints. On further increasing the EGR rate from 7% to 14%, the ID stays relatively unchanged 

for FITs 12.5° and 15.0° BTDC. Subsequently, the ID decreases by about 1.6% for fuel injected 

at 20.0° and 25.0°. Due to the introduction of hot EGR gases, the in-cylinder temperature at the 

time of fuel injection slightly rises with increasing EGR rate for all FIT set points (Figure 19). This 

suggests that the rise in the initial temperature of the charge due to the hot EGR gasses contributed 

to the reduction in the ID period [1]. In addition, the amount of fuel injected rises gradually with 

increasing EGR resulting in higher adiabatic flame temperatures that additionally reduce the ID. 

On the other hand, for the final bump in the EGR rate from 14% to 25%, the ID marginally 

increases for all FIT setpoints; except for fuel injected at 25.0° BTDC for which the ID remains 

constant. This indicates that the reactivity of the charge begins to decline due to the increase in 

diluents such as CO2, CO, and water. Comparing the no-EGR case and the 25% EGR setting, the 

ID is marginally lower for the 25% EGR case for FITs between 12.5° to 25.0° BTDC. Finally, ID 

remains relatively constant for fuel injected at 30.0° BTDC for all EGR rates with a maximum 

difference of 1.1%. This suggests that the lower in-cylinder pressure at the time of fuel injection 

has a dominating effect on ID compared to the EGR rate. Here, wall wetting at 30.0° BTDC due 

to fuel penetration could contribute to this extension in the ID period as indicated in Table 13. 

Table 13: Ignition delay period for all set points considered at 1.5 N-m load condition for 

ULSD. 

  FIT [° BTDC] 

EGR Rate   12.5 15.0 20.0 25.0 30.0 

0% 

ID 

[ms] 

1.194 (ȹ) 1.185 1.167 1.167 1.704 

7% 1.157 1.130 1.111 1.130 1.685 

14% 1.157 1.130 1.093 1.111 1.685 

25% 1.176 1.167 1.148 1.111 1.704 (ȹ) 
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3.4. Results and Discussion- Emissions  

3.4.1 Effect of Advancing the FIT 

Brake-specific NOx, PM, CO, and THC emissions for the 1.5 N-m load condition for all FIT and 

EGR settings are presented in Figure 23. Overall, advancing the FIT has the following effect on 

emissions: 

1. NOx: NOx emissions increase gradually between 12.5° and 25.0° BTDC as depicted in Figure 

23a. As discussed earlier, the in-cylinder temperature for these injection events rises with FIT 

advancement along with more time for NOx kinetics; hence, leading to elevated NOx 

generation. Since the maximum equivalence ratio is only about 0.26 for the 1.5 N-m load 

condition, abundant O2 is available for NOx production via the thermal NOx mechanism. 

However, there is a marginal decline in the NOx emissions for the 30.0° BTDC event due to 

the lower in-cylinder temperature obtained (Figure 18). This can also be correlated with the 

rise in the products of incomplete combustion (discussed in the following section), aka. CO 

(Figure 23c) and THC (Figure 23d) for the 30.0° BTDC event. Thus, this drop in NOx 

emissions is also due to declining combustion efficiency. 

2. PM: PM emissions declined for the FIT advancement between 12.5° and 25.0° BTDC as shown 

in Figure 23b. The rising combustion temperature and the lean operating conditions lead to this 

decrease in PM observed even though the ID decreased resulting in a slightly more 

heterogeneous combustion process. Additionally, PM emissions marginally increased for the 

30.0° case as compared to the 25.0° event. Importantly, the NOx and PM emissions for all EGR 

rates had the opposite trend as the FIT was advanced; hence, following the traditional NOx-

PM tradeoff. Therefore, advancing the FIT alone has no success in alleviating the NOx-PM 

tradeoff for ULSD.  
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 Figure 23: (a) NOx, (b) PM, (c) CO, and (d) THC emissions for varying EGR rates at 1.5 

N-m load condition with ULSD. 

3. THC: In general, as the injection timing is advanced between 12.5° and 20.0°/25.0° BTDC, 

THC emissions gradually decrease. As discussed earlier, the in-cylinder temperature and 

ROHR gradually increases for these set points assisting the oxidation of THC. However, 

THC marginally rises with further advancement (25.0°/30.0°). The relatively lower in-
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cylinder pressure and temperature at the time of injection result in fuel wetting at these 

advanced FITs. This is due to elevated fuel penetration. Additionally, due to SOC before 

the end of compression stroke, there is some energy loss associated to the double 

compression effect, flame quenching, and excess time available for heat loss. Therefore, to 

maintain the required load condition, it is necessary to increase the amount of fuel injected. 

These fuel droplets fail to participate in the main combustion event due to excess energy 

and time required to evaporate and burn the fuel particles adhered to the combustion 

chamber walls. However, after some delay, these adhered fuel vaporize and combust during 

the afterburn phase. Thus, the increase in THC emissions observed is due to the relatively 

less time available for it to oxidize.  

4. CO: Similar to THC, CO emissions gradually decline for the initial FIT advancement from 

12.5° to 15.0°/20.0° BTDC. This is due to the increasing in-cylinder temperature and ROHR 

for the 15.0° event compared to the conventional FIT. However, CO emissions gradually 

increase for earlier injection events. It is well documented that CO is the major byproduct of 

HC combustion which eventually oxidizes to form CO2 [145]. Importantly, CO oxidation is 

preferred only after the completion of HC oxidation, and subsequent disappearance of all HC 

species [146]. In other words, HC oxidation inhibits the conversion of CO to CO2. Therefore, 

sufficient time is necessary for CO conversion post HC oxidation. The delayed oxidation of 

HC in the afterburn phase deters the effective conversion of CO to CO2. Therefore, due to this 

deteriorating time availability, CO emissions begin to increase at 20.0° BTDC injection. 

Similar to THC, there is a significant jump in CO for all EGR cases at 30.0° BTDC compared 

to later injections. Importantly, the ID period is relatively longer for the 30.0° BTDC event. 

Again, the shorter time available for CO2 formation results in elevated CO emissions. 
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3.4.2 Effect of Increasing EGR 

Increasing the EGR rate has the following effects on emissions: 

1. NOx emissions: NOx emissions steadily decreased with increasing EGR rate for all FIT set 

points (Figure 23a). As the rate of EGR is increased, the amount of O2 displaced by heavier 

molecules such as CO2 and H2O (vapor) rises. Importantly, these molecules are relatively inert 

and do not contribute to the exothermic combustion reaction. Additionally, they act as a heat 

sink and absorb the released chemical energy; hence, lowering the in-cylinder temperature. On 

the other hand, the equivalence ratio gradually rises for high rates of EGR due to the displaced 

O2. The combustion of relatively rich mixtures (since the equivalence ratio is less than 1) yields 

elevated adiabatic flame temperatures. However, the reduction in the reactivity due to the 

presence of CO2 and H2O dominates resulting in lower NOx emissions with increasing EGR. 

Alternatively, as discussed earlier, the lower NOx emissions could be due to the relatively 

uniform distribution of temperature in the combustion chamber. For this, the air-fuel mixture 

homogeneity before SOC must gradually improve with increasing EGR rate. Importantly, the 

ID period at all FIT setpoints marginally decreases with increasing EGR. Therefore, the PM, 

CO, and THC emission results obtained will provide further information to conclude that the 

mixture homogeneity improves with increasing EGR.  

2. PM emissions: PM emissions are formed due to the combustion of locally rich air-fuel mixtures 

(Figure 23b). Recalling the literature, using high rates of EGR typically results in elevated PM, 

CO, and THC emissions in the conventional regime due to a combination of lower combustion 

temperature and associated combustion efficiency deterioration [60, 73]. Importantly, most 

studies that present this general conclusion operate the engine at relatively higher loads that 

include both premixed and diffusion burn (mixing controlled) phases. The incomplete 
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combustion products are relatively higher in the mixing-controlled combustion phase 

compared to the premixed burn phase. As explained earlier, the results presented in this study 

are for the purely premixed burn phase. Recalling ID results presented in Table 11, the ID 

marginally decreases with the rising EGR rate utilized. Importantly, the ID for the 0% EGR 

case is the highest for all the FIT setpoints. However, PM emissions gradually decline with 

increasing EGR. In general, PM emissions decrease if the formed particulates oxidize. The 

following parameters influence the extent of the oxidation of the particulates formed: 

a. High in-cylinder temperatures.  

b. Availability of O2.  

c. Excess time available for oxidation. 

d. Relatively homogeneous and lean air-fuel mixtures surrounding the flame.  

As shown in Figure 18, the peak in-cylinder temperature gradually declines with increasing 

EGR. In addition, elevated rates of EGR reduces the O2 availability as indicated by the growing 

equivalence ratio (Figure 15). Moreover, the time available for the oxidation for the 

particulates formed is marginally lower for high EGR rates due to the shorter ID period (Table 

11). Therefore, the reducing PM emissions with rising EGR rates is due to the improvement in 

the homogeneity of the mixture, and the subsequent combustion of the locally lean air-fuel 

mixture where the maximum equivalence ratio utilized is 0.26. In this avenue, Lee et al., and 

Jadhav and Mallikarjuna, suggest that the fuel evaporation rate rises with increasing EGR rate 

[147, 148]. They also indicate that utilizing elevated EGR rates improves the mixture fraction 

distribution in the combustion chamber. In addition, studies conducted by Idicheria et al., and 

Maiboom et al. state that the lift-off length increases with rising EGR rates used [149, 150]. 

Lift -off length is the distance between the point of fuel injection and stabilized flame location. 
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Thus, a longer lift -off length implies that the spatial distribution of the air-fuel mixture is 

comparatively more uniform at high rates of EGR. Therefore, a comparatively uniform 

distribution of in-cylinder temperature is obtained by the instantaneous combustion of a 

relatively homogeneous and locally lean mixture. This results in the simultaneous reduction of 

NOx and PM emissions [8, 103].  This indicates the successful shift in the combustion regime 

from conventional to PPCI. Importantly, the combination of the elevated compression ratio 

used in the presence of EGR assists in reducing the ID and improving the homogeneity of the 

air-fuel mixture simultaneously.  

3. THC and CO: For all the EGR rates considered, THC and CO emissions have similar trends. 

However, due to the differences in the trends observed with FIT variations, the THC and CO 

emission discussion with increasing EGR rate is split into two parts:  

a. Conventional FIT - 12.5° BTDC: The rising EGR rate leads to a gradual incline in THC 

emissions (Figure 23c). This is due to a combination of declining in-cylinder pressure, 

temperature, and ROHR, and increasing fuel injection quantity at higher rates of EGR. 

Since both NOx and PM emissions decline at higher rates of EGR, the hot EGR gasses 

assist in improving the homogeneity of the fuel. However, as the SOC is close to TDC, 

and the combustion gasses begin to rapidly expand soon after SOC, the time available 

for the oxidation of THC and CO is comparatively less. In addition, the amount of O2 

available declines at high rates of EGR; hence, THC and CO emissions rise with EGR 

for fuel injected at 12.5° BTDC.  

b. Earlier injection events: The THC and CO emissions for fuel injected between 12.5° and 

25.0° BTDC for the 7% EGR case were marginally higher than the no-EGR setting. 

Alternatively, further increasing the EGR to 14% and 25%, THC and CO emissions 
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declined for these points. Importantly, comparable peak in-cylinder pressure, 

temperature, and ROHR were observed for 7% and 14% EGR rates as depicted in Figure 

18; however, the decline in the peak performance properties is noticeable for the 25% 

EGR case. This suggests that the elevated in-cylinder temperature at the time of fuel 

injection assists in forming a comparatively homogeneous mixture. In addition, the ID 

period for the 14% EGR case is marginally shorter than the 7% EGR case for these FIT. 

Thus, the earlier onset of combustion provides more time for THC and CO oxidation; 

hence, lower emissions. Moreover, abundant O2 is available as the air-fuel mixture is 

lean. As discussed earlier, the fuel penetration appears to intensify for fuel injected at 

25.0° and earlier for the 0% EGR case. However, there is a drop in THC for the 25.0° 

injection event for the 14 and 25% EGR cases. This suggests that the evaporation of the 

injected fuel is relatively improved, and the amount of fuel wall wetting is alleviated for 

the high EGR cases; hence, lowering THC and CO emissions. In other words, the 

marginal improvement of the homogeneity of the mixture dominates and assists in 

lowering the THC and CO emissions. However, the in-cylinder pressure and temperature 

at the time of fuel injection have a bigger influence on THC and CO emissions even with 

high rates of EGR for fuel injected at 30.0 °BTDC. It appears that CO and THC emissions 

were impacted the most by combustion cyclic variations as compared to PM and NOx 

emissions. 

Data comparing the percentage decrease in brake-specific emissions of the 25% EGR cases at 

earlier injection timings compared to conventional FIT without EGR is presented in Table 14.  On 

close inspection, NOx and PM for the 25% EGR case are lower than the MBT without EGR case 

at nearly all FIT set points (slightly higher NOx for the 25.0° BTDC with 25% EGR). Furthermore, 
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CO emissions were comparable for the 20.0° and the 25.0° BTDC with 25% EGR cases (see ̡  in 

Figure 23c). In addition, THC emissions were lower for all early injection events with 25% EGR 

compared to the conventional FIT with no-EGR (see h in Figure 23c). Specifically, since the NOx 

and PM emissions for the 20.0° BTDC with 25% EGR case are lower than the conventional FIT 

without EGR (see ˂ in Figure 23a and ŭ in Figure 23b), the NOx-PM tradeoff was overcome. Using 

the traditional definition, it can be concluded that the results obtained for fuel injected between 

12.5° and 20.0° BTDC with 25% EGR represent the LTC regime and PPCI was successfully 

achieved.  

Table 14: Percentage decrease in emissions at PPCI setpoints compared to conventional 

FIT with no -EGR for the 1.5 N-m load condition. 

FIT [° BTDC];  

EGR [%] 
NOx  

[g/kW-hr] 

PM  

[g/kW-hr] 

CO  

[g/kW-hr] 

THC  

[g/kW-hr] 

12.5°; 25% 53.872 14.894 -40.919 -20.091 

15.0°; 25% 39.407 3.036 -9.642 9.244 

20.0°; 25% 7.768 40.432 0.152 20.444 

25.0°; 25% -12.592 59.193 -2.408 24.345 

3.5 Conclusion 

Due to the difficulties associated with achieving PPCI combustion through FIT adjustments alone 

with a high compression ratio engine, PPCI was attempted while using EGR [77, 108]. A series of 

experiments were conducted to determine FIT setpoints and target EGR rates. Based on results 

obtained from a previous study, 12.5°, 15.0°, 20.0°, 25.0°, and 30.0° BTDC were selected for the 

FIT sweep trials [77, 108]. Additionally, since the maximum achievable EGR rate at low load 

condition (0.5 N-m) was 25%, intermittent rates of 7% and 14% were selected. Following are the 

key conclusions of the results obtained:  
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1. Effect of advancing the FIT: 

a. Advancing the FIT resulted in a gradual rise in the amount of fuel required to maintain 

constant engine torque. Since SOC advanced further into the compression stroke, excess 

fuel is necessary to overcome energy losses associated with the double compression effect, 

flame wall quenching, and excess time available for heat transfer. 

b. Additionally, the peak in-cylinder pressure, temperature, and ROHR gradually increased 

for advancement in FIT between 12.5° and 25.0° BTDC. However, these performance 

parameters marginally declined for fuel injected at 30.0° BTDC due to the combustion 

efficiency deterioration. In addition, the oscillations in the pressure trace representing 

engine knock were comparatively less for the 30.0° BTDC event.  

c. Interestingly, ID marginally reduced for FIT advancement between 12.5° and 25.0° BTDC 

due to the NTC behavior of ULSD. However, the ID period for the 30.0° BTDC event was 

relatively higher. This suggests the limit where the decreasing in-cylinder temperature and 

pressure are too low for instantaneous atomization and evaporation of the fuel and 

subsequent ignition. It is safe to assume that further advancement in FIT leads to enhanced 

fuel penetration resulting in deteriorating combustion efficiency and elevated products of 

incomplete combustion (CO and THC emissions).  

d. With respect to emissions, NOx gradually increased while PM declined with advancing 

FIT between 12.5° and 25.0° BTDC; hence, following traditional NOx-PM tradeoff. 

Therefore, advancing the FIT alone does not enable alleviating NOx-PM tradeoff 

disadvantages. On the other hand, NOx emissions declined, and PM grew for the 30.0° 

event. Overall, CO and THC emissions followed PM emission trends.  
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2. Effect of increasing EGR: 

a. The equivalence ratio gradually increased with the rising rate of EGR used for all FIT 

setpoints. Importantly, the equivalence ratio for the 25% EGR case is about 52% to 

57% higher than the no-EGR case. The highest equivalence ratio utilized was about 

0.26 for the 1.5 N-m load condition with 25% EGR; hence, the air-fuel mixture for all 

cases was relatively lean.  

b. The peak in-cylinder pressure, temperature, and ROHR declined gradually with 

increasing EGR. The excess CO2 and H2O acts as a diluent and reduces the reactivity 

of the charge in the combustion chamber resulting in lower peak values of the 

performance parameters. Additionally, the amount of released energy absorbed by CO2 

due to its higher heat capacity rises at higher rates of EGR.  

c. The ID period marginally declined with rising EGR suggesting that the high 

compression ratio of the engine had a dominating effect on SOC timing. Additionally, 

the hot EGR gasses assist in reducing the physical delay period.  

With respect to emissions, NOx and PM reduced simultaneously with increasing EGR at most FIT 

setpoints with increasing EGR. Therefore, following the traditional definition, LTC was achieved 

through the PPCI methodology. As mentioned earlier, the ID with higher rates of EGR is 

marginally lower than the no-EGR case. Therefore, the EGR is assisting in forming a relatively 

homogeneous air-fuel mixture. This subsequently leads to a comparatively even temperature 

distribution in the combustion chamber resulting in lower NOx emissions. Additionally, the 

comparatively homogeneous mixture formed aids in lowering PM, THC, and CO emissions at high 

EGR rates; especially, at advanced FIT setpoints. The relatively lean nature of the mixture and the 
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excess time available for the oxidation of THC and CO for advanced FIT setpoints ensures lower 

incomplete combustion products even at high rates of EGR.  
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Chapter 4: Effect of Exhaust Gas Recirculation on Combustion Characteristics of Biodiesel 

in Conventional and PPCI Regimes 

Abstract 

Due to rising concerns over the environmental impact of fossil fuels, the focus on renewable fuels 

such as biodiesel continues to grow. Compared to petroleum diesel, biodiesel (BD) provides the 

advantage of lower harmful emissions. In addition, by operating BD in the low temperature 

combustion regime, it is possible to simultaneously reduce both nitrogen oxides (NOx) and 

particulate matter (PM) emissions. This study details experiments attempting to achieve partially 

premixed charge compression ignition combustion using BD derived from waste cooking oil. A 

series of Fuel Injection Timing (FIT) and Exhaust Gas Recirculation (EGR) sweep experiments 

were conducted using a single-cylinder high compression ratio engine. Advancing the FIT resulted 

in the gradual rise of in-cylinder pressure, temperature, and rate of heat release. This is due to an 

increase in the amount of fuel required to maintain a constant engine load to compensate for the 

energy losses related to excessive heat transfer and flame quenching due to the double compression 

effect. Utilizing elevated EGR rates leads to a gradual decline in the ignition delay period. 

Moreover, the negative temperature coefficient behavior of BD was captured in the presence of 

EGR. For moderately advanced FIT events with high EGR rates, lower NOx (~ 50%), PM (~63%), 

total hydrocarbon (~45%), and carbon monoxide emissions (~11%) were obtained compared to 

conventional FIT without EGR. Importantly, a combination of advanced FIT with EGR assisted 

to simultaneously reduce both NOx and PM emissions; hence, overcoming the NOx-PM tradeoff. 
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4.1 Introduction  

Compression Ignition (CI) engines offer enhanced combustion efficiency compared to spark 

ignition engines. This is primarily due to lower pumping losses and the advantages associated with 

utilizing a higher compression ratio [1]. Unfortunately, the combustion of the heterogeneous 

mixture formed in Direct Injection (DI) engines leads to harmful emissions such as nitrogen oxides 

(NOx), particulate matter (PM), carbon monoxide (CO), and total hydrocarbons (THC) [1]. 

Importantly, it is a significant challenge to beat the well-known NOx-PM tradeoff by following 

conventional combustion methods in CI engines. Here, operating in the Low Temperature 

Combustion (LTC) regime has proven to aid in the simultaneous reduction of NOx and PM [61, 

62, 151]. In particular, a Partially Premixed Charge Compression Ignition (PPCI) methodology is 

relatively simple to implement using the single-cylinder test setup available at the University of 

Kansas for reasons as discussed in Chapter 1 [59, 62].  

Biodiesel was selected as the fuel due to its advantages such as better combustion efficiency, 

improved combustion phasing control, and lower cyclic variability compared to Ultra-Low Sulfur 

Diesel (ULSD) in the LTC regime [10, 64, 66, 72]. Additionally, biofuels provide better 

lubrication, an elevated Cetane Number (CN), and can be readily blended into a homogeneous 

mixture with ULSD [152]. Moreover, utilizing alternative fuels such as biodiesel can help in 

addressing NOx-PM tradeoff challenges [152]. Biodiesels can be derived from various feedstocks 

including palm oil, jatropha oil, soybean oil, tallow, and numerous others [30]. Since biodiesels 

are renewable, increasing their use could also assist in offsetting the consumption of petroleum 

diesel. The gradual growth in the global production of biodiesel witnessed in the last few decades 

gives more reason to study its potential [153].  
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Previous studies by the author comparing ULSD and biodiesel in the absence of EGR concluded 

that CO, THC, and PM emissions were relatively low, and NOx emissions were generally high 

with biodiesel (Chapter 2 and [108]). Similar results are reported in the literature [60-66, 69-72, 

74]. However, like ULSD, the NOx-PM tradeoff is a challenge for the conventional combustion of 

biodiesel [154]. As discussed in Chapter 2, Fuel Injection Timing (FIT) variations were utilized as 

the strategy to implement PPCI combustion with WCO biodiesel as the fuel to help address this 

tradeoff. Unfortunately, this method failed to simultaneously reduce NOx and PM emissions. 

However, utilizing EGR in addition to FIT variations provided positive PPCI results with ULSD 

(Chapter 3). In addition, lower NOx, PM, THC, and CO emissions for biodiesel operating in the 

LTC regime compared to ULSD are reported widely in the literature [10, 58, 59].  

Therefore, using a similar strategy, lower CO and THC emissions compared to ULSD can be 

possibly achieved in addition to the simultaneous reduction of NOx and PM. Therefore, this study 

attempts to replicate PPCI with WCO biodiesel by FIT variations in the presence of EGR building 

on the prior successful ULSD and EGR PPCI results (Chapter 3). For this, a series of experiments 

were conducted at the University of Kansas, and the performance and emission parameters of the 

combustion of waste cooking oil (WCO) biodiesel in the presence of EGR were recorded. 

Additionally, a comparative analysis of combustion characteristics between ULSD and WCO in 

the presence of EGR is presented in this chapter. In addition to the measured data, a zero-

dimensional heat release model is utilized to evaluate parameters such as in-cylinder temperature, 

rate of heat release (ROHR), and ignition delay (ID) periods [114].   
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4.2 Experimental Conditions 

The method utilized to synthesize biodiesel from WCO is described in Chapter 2 (also available: 

[91]) and the properties of the fuel utilized are given in Table 15. Additionally, the fatty acid 

component mass fraction details of the WCO are described in detail by Cercle et al. [28]. The 

experimental setup, data acquisition method, and the associated standard operating procedure 

followed are discussed in Chapter 2. Further details of the single-cylinder test setup and the EGR 

system available at KU are provided in Chapter 3, and additional information can be found in the 

works of Mangus et al. [109] and Langness et al. [111]. The performance emission results of 0.5 

and 1.0 N-m load conditions are provided in the Appendix as the trends of the obtained results are 

similar to the 1.5 N-m case.  

Table 15: WCO and ULSD fuel properties [28]. 

Property ULSD WCO Biodiesel 

Density (kg/m3) 839.60 ± 0.01  882.69 ± 0.01 

Kinematic Viscosity (cSt) 2.481 ± 0.001 6.560 ± 0.001 

Dynamic Viscosity (cP) 2.083 ± 0.001 5.790 ± 0.001 

Cetane Number (CN) ~ 45 52.8 ± 4.1 

Energy Content (kJ/kg) 45494 ± 44 39663 ± 44 

H/C molar ratio 1.80 ± 0.04 1.84 ± 0.04 

Table 16: Engine operating load conditions and associated EGR and FIT settings. 

Target Engine Loads (N-m) FIT (° BTDC) Target EGR Rates (%) 

0.5 
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4.3 Results and Discussion ï Combustion Performance Parameters 

4.3.1 Effect of Advancing the FIT 

Advancing the FIT gradually increased the amount of fuel required to maintain the set engine load; 

hence, resulting in an elevated equivalence ratio (Figure 24). This increase will be explained while 

discussing the in-cylinder pressure and temperature trends. In general, increasing the amount of 

fuel consumed leads to a higher brake specific fuel consumption (BSFC). However, BSFC findings 

are relatively random, and no specific trend is observed (Figure 25a). This is due to the difficulties 

associated with maintaining a constant engine torque at low load conditions (maximum engine 

load is 18.0 N-m) as shown in Figure 25b.  
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Figure 24: Equivalence ratio vs. FIT at 1.5 N-m load conditions. 

The in-cylinder pressure results obtained with advancing the FIT for the 0% EGR case are 

presented in Figure 26a. The black curve represents the motoring curve that indicates the in-

cylinder pressure in the absence of combustion (i.e., no fuel injected). For the conventional case 

(fuel injected at 12.0° BTDC), the in-cylinder pressure separates from the motoring curve close to 
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TDC and increases rapidly due to combustion (i.e., Start of Combustion: SOC). Variations present 

in the in-cylinder pressure trace indicate engine knock. As the FIT is advanced, SOC moves further 

into the compression stroke and, except for the conventional FIT, SOC timing occurs before the 

completion of the compression stroke. In this scenario, the piston moving towards TDC is 

compressing the charge in the combustion chamber while the charge is rapidly expanding due to 

combustion. This interaction between the compressing and expanding gasses results in an elevated 

interaction of combustion flame with the chamber wall causing flame quenching.  
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Figure 25: (a) BSFC and (b) Engine torque vs. FIT at 1.5 N-m load condition for all EGR 

rates. 

Additionally, since SOC occurs earlier in the compression stroke (Figure 26d), the time available 

for heat transfer losses is comparatively more. As a result, more fuel is added to compensate for 

the energy losses due to flame quenching and excess heat transfer. Hence, the equivalence ratio of 

the air-fuel mixture gradually increases as shown in Figure 24. Subsequently, the added fuel 

injection quantity leads to a gradual rise in the peak in-cylinder pressure. However, the peak in-
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cylinder pressure marginally declines for the 30.0° BTDC injection and its oscillations (i.e., knock) 

are relatively less while the pressure rise is gradual (bell-shaped) suggesting a relatively uniform 

combustion process. This decline in the in-cylinder pressure could indicate a deteriorating 

combustion efficiency that will be discussed when presenting CO and THC emissions.  
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Figure 26: (a) In-cylinder pressure, (b) in-cylinder temperature, (c) ROHR, and (d) ID and 

SOC vs. FIT at 1.5 N-m load condition for 0% EGR. 
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The in-cylinder temperature (Figure 26b) and ROHR (Figure 26c) trends follow the in-cylinder 

pressure results due to the increase in the amount of fuel injected with FIT advancement (peak 

values move into the compression stroke due to an earlier SOC). Similar to pressure, there is a 

noticeable drop in the peak temperature and ROHR for the 30.0° BTDC event suggesting a decline 

in the combustion efficiency. With respect to ID, contrary to the expectation, ID remained 

relatively unchanged for the initial FIT advancement between 12.0° and 20.0° BTDC (Figure 26d). 

Importantly, the in-cylinder pressure and temperature at the time of fuel injection gradually 

declined with FIT advancement. Thus, the comparable ID period for the first few advancement 

events suggests that the in-cylinder conditions (temperature and pressure) are sufficient for the 

instantaneous evaporation and ignition. This is primarily due to the relatively high compression 

ratio of the engine (21.2). Conversely, further advancing the FIT to 25.0° and 30.0° BTDC yields 

a lower ID period. As discussed in Chapter 2 [155], the declining ID period while the in-cylinder 

temperature and pressure are also decreasing is due to the Negative Temperature Coefficient 

(NTC) behavior of BD.  

Due to the similarities in the in-cylinder pressure, temperature, ROHR, ID period, and SOC timing 

trends obtained with FIT advancement, the results of the 7% and 14% EGR rates are presented in 

Appendix Figure 38 and Appendix Figure 39 respectively. For the sake of comparison, the 

performance results for the 25% EGR case are as shown in Figure 27, and the trends obtained with 

FIT advancement are briefly described here:  

1. Similar to the 0% EGR case, peak in-cylinder pressure (Figure 27a), temperature (Figure 27b), 

and ROHR (Figure 27c) gradually increase. The timing at which these values occur gradually 

moves into the compression stroke along with the SOC (Figure 27d). 
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2. ID period stays relatively unchanged for the initial advancement (15.0° and 20.0°). Further 

advancing the FIT results in a declining ID period due to the NTC phenomenon.  

Overall, the performance trends for advancing FIT are comparable for all EGR rates. However, 

there are critical differences such as the magnitude of the peak in-cylinder pressure, temperature, 

and ROHR, and ID periods observed with increasing EGR as discussed in the following section.  

4.3.2 Effect of increasing EGR 

Increasing the EGR rate gradually grew the equivalence ratio for all FIT set points (Figure 24). 

This is due to a decrease in O2 concentration with EGR, and not because of an increase in the 

quantity of fuel injected. In fact, for a fixed FIT setting, the fuel flow generally declined with 

increasing EGR rate as shown in Figure 28a. Overall, compared to the 0% EGR case, the 

equivalence ratio increased by about 5% for the 7% EGR case, 14% for the 14% EGR case, and 

36% for the 25% EGR case.    

With respect to the performance parameters, increasing the EGR rate (mostly) resulted in a gradual 

decline of the in-cylinder pressure (Figure 28b), temperature (Figure 28c), and ROHR (Figure 28d) 

at all FIT settings. As the rate of EGR utilized increases, the amount of O2 displaced by 

comparatively inert compounds such as CO2 and water vapor rises. The auto-ignition of this charge 

with a relatively lower reactivity results in reduced chemical energy released during combustion.  
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Figure 27: (a) In-cylinder pressure, (b) in-cylinder temperature, (c) ROHR, and (d) ID and 

SOC vs. FIT at 1.5 N-m load condition for 25% EGR. 

Moreover, a part of the energy released is absorbed by CO2 and water vapor as their heat capacity 

is higher compared to O2. The combined effect of these factors results in the gradual decline found 

in Figure 28. A comparison of the percentage difference of the peak performance parameters for 

the no-EGR case and the 25% EGR case is presented in Table 17. Overall, an average decline of 
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about 3.6% in the peak in-cylinder pressure, 3.0% in the in-cylinder temperature, and 8.9% in the 

ROHR were observed. 
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Figure 28: (a) Fuel flow rate, peak in-cylinder (b) pressure, (c) temperature, and (d) ROHR 

vs. FIT for 1.5 N-m for BD with EGR.  

In general, extended ID periods are expected with EGR due to the prior mentioned reduction in 

the reactivity of the charge extending the chemical delay period [66]. Overall, increasing the EGR 
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(mostly) leads to a gradual rise in the ID period as shown in Table 18 and Figure 29a. However, 

the displacement of O2 increases the equivalence ratio of the mixture (Figure 24) which improves 

the reactivity of the charge. This is due to the higher adiabatic flame temperatures obtained through 

the combustion of a richer mixture. Furthermore, the in-cylinder temperature at the time of fuel 

injection marginally rises due to the recirculation of hotter exhaust gasses (i.e., residual fraction) 

as shown in Figure 29b. This enables quicker evaporation of the injected fuel and reduces the 

physical delay period. Hence, a combination of higher initial temperature and equivalence ratio 

would assist in lowering the physical and chemical delay periods respectively. However, the 

reduction in the reactivity due to EGR and its impact on increasing the chemical delay period has 

a dominating influence resulting in an extended ID period with increasing EGR.  

Table 17: Maximum decrease in performance parameters for increasing EGR from 0% to 25% at 

1.5 N-m with BD. 

 Maximum decrease between 0% and 25% EGR 

FIT [° BTDC] Pressure [%] Temperature [%] ROHR [%] 

12.0 4.9 3.5 10.7 

15.0 3.0 2.4 6.2 

20.0 3.6 3.6 8.7 

25.0 3.7 3.1 6.6 

30.0 2.7 2.6 12.5 

Table 18: Ignition delay period for all set points considered at 1.5 N-m load condition for ULSD. 

  FIT [° BTDC] 

EGR Rate  12.5 15.0 20.0 25.0 30.0 

0% 

ID 

[ms] 

1.093 1.093 1.130 1.093 1.000 

7% 1.111 1.111 1.111 1.111 1.056 

14% 1.130 1.130 1.111 1.148 1.074 

25% 1.148 1.148 1.130 1.111 0.981 
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Figure 29: (a) In-cylinder temperature at the time of fuel injection and (b) ID vs. EGR rate at 1.5 N-

m with BD. 

4.4 Results and Discussion - Emission Results 

4.4.1 Effect of Advancing the FIT 

Advancing the FIT between 12.0° and 25.0° BTDC gradually increased NOx emissions (Figure 

30a), and PM emissions decreased (Figure 30b). As discussed earlier, the in-cylinder temperature 

increases with FIT advancement (Figure 28c) and the maximum equivalence ratio is about 0.3 

(Figure 24); thus, sufficient O2 is available. This combination of high temperatures in the presence 

of sufficient O2 results in elevated NOx and lower PM emissions; hence, following the traditional 

NOx-PM tradeoff. However, NOx emissions sharply decline, and PM emissions rise for the 30.0° 

BTDC event. This could be due to a decrease in the in-cylinder temperature as shown in Figure 

28c and/or a function of deteriorating combustion efficiency as suggested by higher THC (Figure 

30c) and CO emissions (Figure 30d). Overall, for a fixed EGR rate, advancing the FIT alone does 

not enable the simultaneous reduction of NOx and PM emissions. Of note, the PM emission 
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regulation standards set by the Environmental Protection Agency [EPA] are included as a legend 

in Figure 30b [156]. Since the EPA combines NOx and non-methane hydrocarbons (NMHC) 

emissions, the results of NOx + NMHC with the corresponding EPA standards are presented in 

Appendix Figure 40.  

THC and CO emissions largely follow PM emissions as shown in Figure 30c and Figure 30d, 

respectively. For the initial FIT advancement from 12.0° to 15.0° BTDC, both THC and CO 

emissions marginally decreased due to the elevated combustion temperature and subsequent 

oxidation in the presence of excess O2. The THC and CO emissions for fuel injected at 20.0° is 

comparable to the 15.0° event. However, further advancing the FIT results in a gradual rise in both 

THC and CO emissions confirming a deteriorating combustion efficiency. The in-cylinder 

temperature and pressure at the time of injection are lower for advanced FIT settings. This leads 

to excessive fuel penetration and subsequent fuel wall wetting where the fuel particles fail to 

vaporize and adhere to the cylinder walls. These fuel particles do not participate in the main 

combustion event; however, they burn during the after-burn phase. Even though there is sufficient 

O2 available for oxidation, the amount of time available is limited for the complete oxidation of 

THC and CO during the after-burn phase resulting in elevated THC and CO emissions. Of note, 

the EPA standard of CO emissions is presented in Figure 30d as a solid line, and the corresponding 

value is included next to the legend.   
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Figure 30: (a) NOx, (b) PM, (c) CO, and (d) THC emissions for varying EGR rates at 1.5 N-

m for BD with EGR. 

4.4.2 Effect of Increasing the EGR 

Increasing EGR resulted in a gradual decrease in NOx emissions as seen in Figure 30a. As stated 

prior, adding EGR grows the equivalence ratio (and adiabatic flame temperature) along with the 

initial temperature (NOx¬). However, the added diluents absorb energy (heat capacity effect), and 
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the reactivity of the charge decreases (NOx®). In addition, lower NOx emissions can be generated 

if the temperature distribution across the combustion chamber is relatively homogeneous [8, 103]. 

A close examination of PM, THC, and CO emissions will assist in substantiating if the 

homogeneity of the mixture contributes to the reduction in NOx emissions observed.  

Interestingly, PM emissions also reduce at higher rates of EGR. In general, PM emissions are lower 

if the air-fuel mixture near the flame is locally lean, and the combustion temperature is relatively 

high. As seen from Figure 28c, the in-cylinder temperature marginally decreases at high rates of 

EGR. Moreover, the time available for the oxidation of the particulates formed is comparable due 

to similar ID periods observed (Figure 29b). As stated earlier, the maximum equivalence ratio 

utilized is only about 0.3. Thus, the decline in PM emissions with added EGR is due to the 

improvement of the homogeneity and temperature distribution of the mixture. Importantly, several 

other researchers have obtained similar results of improved air-fuel mixing and distribution in the 

presence of EGR in CI engines [147-150]. Therefore, the combustion of the relatively 

homogeneous mixture that is locally lean enables the simultaneous reduction of both NOx and PM 

emissions. Hence, utilizing EGR assists in shifting the combustion regime from conventional to 

PPCI; thus, alleviating disadvantages of the NOx-PM tradeoff.  

With respect to THC emissions, comparing the 0% and 25% EGR results, lower THC emissions 

were recorded with the increasing EGR rate suggesting a marginal improvement in combustion 

efficiency. As discussed earlier, the instantaneous ignition of a relatively homogeneous and lean 

mixture ensures that most of the hydrocarbons oxidize. Additionally, utilizing hot residual EGR 

gasses reduces fuel penetration and the subsequent fuel wall wetting that further assists in lowering 

THC emissions at all FIT set points. Alternatively, CO emissions were comparable for the no-EGR 

and 25% EGR cases; except for the 12.0° BTDC injection event. Since THC oxidation inhibits CO 
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conversion, while THC emissions decline at high rates of EGR, the lower concentration of O2 and 

the comparable time available for CO oxidation could potentially lead to the largely unchanged 

CO emissions. For some FIT cases, THC and CO emission trends for the 7% and 14% EGR rates 

fall between no-EGR and 25% EGR cases. However, there are multiple data points where the 

trends are dissimilar to the general pattern obtained possibly due to cyclic variations. Similar 

results of cyclic variations impacting trends of THC and CO emissions were observed in the PPCI 

experiments with ULSD as discussed in Chapter 3.  

Overall, the percentage decrease in emissions of the baseline case (i.e., 12.0° BTDC fuel injection 

with 0% EGR) compared to the 25% EGR at various FIT settings is presented in Table 19. The 

30.0° BTDC event is ignored in this comparison due to its relatively poor combustion efficiency. 

NOx, PM, and THC emissions are lower at all FIT setpoints with 25% EGR compared to the 

baseline case. Additionally, CO is lower for fuel injected at 15.0° and 20.0° BTDC, and marginally 

higher for fuel injected at 25.0° BTDC. Specifically, these specific points are highlighted through 

the symbols h Σ ʲΣ Ɋ, and Ʉ that represent NOx, PM, THC, and CO, respectively, at corresponding 

FIT settings in Figure 30 and Table 19. Therefore, utilizing a combination of FIT variations and 

high rates of EGR enables operation in the PPCI regime where all emission species can be 

simultaneously lowered compared to the baseline case.  
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Table 19: Percentage decrease in emissions for various FIT settings with 25% EGR 

compared to baseline case with BD at 1.5 N-m. 

 FIT [° BTDC] 

Emission species 12.0° 15.0° 20.0° 25.0° 

NOx [g/kW-hr] ( )h 59.48 50.99 24.35 12.90 

PM [g/kW-hr] ( )̡ 69.61 62.92 72.47 70.25 

CO [g/kW-hr] (Ɋ) -33.76 10.65 7.94 -12.72 

THC [g/kW-hr] (Ʉ) 5.18 45.74 49.59 35.51 

4.5 Comparison of BD and ULSD with EGR 

4.5.1 Comparison of Performance Results 

The details of the experimental results obtained for ULSD with EGR are presented in Chapter 3. 

In general, the performance result trends of BD and ULSD while FIT is advanced and the EGR 

rate is increased are comparable. Therefore, the focus here is to identify key differences between 

BD and ULSD while operating under similar conditions. Hence, the results obtained with 0% EGR 

and 25% EGR for both fuels are presented with the 7% and 14% EGR cases falling in-between. 

With respect to the equivalence ratio, the amount of fuel required to meet the set engine load is 

marginally higher for BD compared to ULSD at all FIT and EGR setpoints due primarily to its 

lower energy content (Figure 31). Concerning performance parameters, the peak in-cylinder 

pressure (Figure 32a), temperature (Figure 32b), and ROHR (Figure 32c) were higher for ULSD 

compared to BD. It has been well established that fuels with higher CN (BD¬), O2 content (BD¬), 

energy content (BD®), and density (BD¬) enhance the amount of energy released that 

subsequently elevates the magnitude of the peak performance parameters [28, 30]. In addition, 

elevated in-cylinder temperatures are obtained with higher equivalence ratios (BD¬). 

Alternatively, utilizing a fuel with higher viscosity (BD¬) lowers the combustion energy released 

due to poor atomization and mixing. Overall, the lower energy content and the higher viscosity of 
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biodiesel have a dominating effect resulting in lower performance parameters. Similar results of 

the performance of BD compared to ULSD are reported by Veltman et al., and Narayanan and 

Jacobs [69, 71]. Note that a detailed description of the impact of these individual fuel properties 

on combustion is presented in Chapter 1. 

Moving forward, the ID of BD was lower than ULSD at all FIT and EGR settings considered as 

shown in Figure 32d. The in-cylinder pressure (Figure 33a) and temperature (Figure 33b) at the 

time of fuel injection for all FIT setpoints and EGR rates considered are generally comparable for 

both fuels. Therefore, the higher equivalence ratio of the mixture, O2 contained in the fuel, and the 

greater CN of BD ensures that the ID period of BD is lower compared to ULSD. 
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Figure 31: Equivalence ratio comparison of ULSD vs. BD at 1.5 N-m with EGR. 
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Figure 32: Comparison of peak combustion (a) pressure, (b) temperature, (c) ROHR, and 

(d) ID vs. FIT of ULSD vs BD for the 1.5 N-m with EGR. 
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Figure 33: (a) In-cylinder pressure and (b) temperature at the time of fuel injection vs. FIT 

comparison of ULSD and BD. 

4.5.2 Comparison of Emission Results 

A comparison of the brake-specific NOx, PM, THC, and CO emissions of ULSD and BD is 

presented in Figure 34. The NOx emissions (Figure 34a) of BD were lower than ULSD for all FIT 

and EGR rates considered primarily due to the lower in-cylinder temperatures obtained (Figure 

32b). In addition, for fuel injected between the conventional FIT and 25.0° BTDC for all EGR 

rates, PM (Figure 34b), THC (Figure 34c), and CO (Figure 34d) emissions of BD were less than 

ULSD. While the ID is shorter for BD that might result in a less homogeneous mixture, an earlier 

SOC results in more time for oxidation. In addition, the embedded O2 in BD furthers the oxidation 

process resulting in lower incomplete combustion products.  
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Figure 34: Comparison of (a) NOx, (b) PM, (c) CO, and (d) THC emissions vs. FIT for 

varying EGR rates at 1.5 N-m with EGR. 

On the other hand, the PM, CO, and THC emissions of BD for fuel injected at 30.0° BTDC are 

higher compared to ULSD. The lower in-cylinder pressure and temperature at the time of injection 

promotes fuel penetration and wall wetting of both fuels. Here, the higher density and viscosity of 

BD augments its penetration length resulting in elevated THC and CO emissions. Similar results 
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of extended fuel penetration of BD compared to ULSD are reported in the literature [157, 158]. 

Additionally, the ID period of BD for fuel injected at 30.0° BTDC is (about 41.9%) less compared 

to ULSD. This, along with the higher viscosity of BD, suggests that the homogeneity of the air-

fuel mixture with ULSD is marginally better. Therefore, the combination of the lower equivalence 

ratio and enhanced homogeneity of the fuel at the time of ignition ensures that PM, CO, and THC 

emissions for the 30.0° BTDC event are lower for ULSD.  

4.6 Conclusion 

A previous study by the author with ULSD as the fuel (Chapter 3) concluded that utilizing a 

combination of FIT advancement in the presence of EGR enabled the simultaneous reduction of 

NOx and PM emissions. Subsequently, a series of experiments with similar operating conditions 

were conducted using BD extracted from waste cooking oil. Advancing the FIT between 12.0° and 

25.0° BTDC leads to a gradual increase in the amount of fuel injected, peak in-cylinder pressure, 

temperature, and ROHR. In addition, peak performance values occur earlier in the compression 

stroke for each FIT advancement. Moreover, the ID gradually declined for these FIT 

advancements; even in the presence of EGR. Thus, the NTC behavior of biodiesel was captured 

successfully. However, there was a marginal decline in peak performance values for fuel injected 

at 30.0° BTDC suggesting deteriorating combustion efficiency. On the other hand, for a fixed FIT 

setting, increasing EGR marginally increased the equivalence ratio of the mixture due to the 

displacement of O2 by heavier exhaust byproducts (CO2 and water vapor). Overall, peak 

performance values decrease as the EGR acts as a heat sink absorbing part of the energy released. 

The trends of the performance parameters for both FIT advancement and EGR variations of BD 

were comparable to ULSD. The peak performance values of BD were slightly less than ULSD at 
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all settings due to its relatively lower energy content. Furthermore, the ID of BD was lower than 

ULSD at all points primarily due to its higher CN.  

With respect to emissions, similar to ULSD, advancing the FIT alone was insufficient to alleviate 

the disadvantages of the NOx-PM tradeoff. However, this was possible by using a combination of 

FIT advancement in conjunction with high rates of EGR (25%). The lower in-cylinder 

temperatures obtained by introducing EGR reduces NOx emissions. Additionally, CO and THC 

emissions were lower for the 25% EGR case for fuel injected at 15.0°, 20.0°, and 25.0° BTDC 

compared to the baseline setting (0% EGR and conventional FIT). Comparing the emission results 

of BD and ULSD, all emission species obtained by BD combustion were marginally lower than 

ULSD for all setpoints except for when combustion efficiency degraded significantly (30° BTDC 

fuel injection). The lower in-cylinder temperature of BD compared to ULSD resulted in reduced 

NOx emissions. In addition, the excess O2 contained in the BD and its earlier SOC timing provides 

more time for the oxidation of PM, THC, and CO emissions resulting in lower incomplete 

combustion products.   
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Chapter 5: Kinetic Study of Biodiesel Analyzing the Influence of Negative Temperature 

Coefficient Region on Ignition Delay and Combustion Performance 

Abstract 

A zero-dimensional (0-D) model simulating compression ignition combustion was developed 

using engine geometry and fundamental conservation laws. The detailed reaction mechanisms of 

methyl decanoate (MD) and Ultra-Low Sulfur Diesel (ULSD) surrogate fuels representing the 

kinetics of biodiesel and ULSD, respectively, were incorporated. These reaction mechanisms were 

developed and published by the Lawrence Livermore National Laboratory. The heat transfer 

correlation of the model was calibrated by adjusting the initial temperature at the time of injection 

and the convective heat transfer coefficient. Subsequently, the model was calibrated using the 

experimental pressure and temperature data between the inlet valve closing time and the point of 

fuel injection. Subsequently, comparisons of the experimental data collected at various Fuel 

Injection Timing (FIT) settings were compared with the 0-D model results. The 0-D model 

reasonably predicted the peak in-cylinder pressure and temperature trends for the conventional FIT 

setting with both MD and ULSD surrogate reaction mechanisms. The ID was computed using the 

hydroxyl mole fraction time history results. Importantly, the ID predictions of the model were in 

reasonable agreement with the experimental data. Moreover, the predicted 0-D model trends of ID 

are consistent with literature kinetic models that utilized the same reaction mechanism. The 

Negative Temperature Coefficient (NTC) behavior of biodiesel and ULSD were observed in the 

experimental ID results. Additionally, the literature models with consistent reaction mechanisms 

also exhibited NTC behavior in their ID predictions. However, the ID results predicted by the 0-D 

model did not provide sufficient information to definitively state that NTC behavior was captured.  
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5.1 Introduction 

The Ignition Delay (ID) in Compression Ignition (CI) engines is defined as the time between the 

start of fuel injection and the Start of Combustion (SOC) [1]. This period is a combination of 

physical and chemical delay intervals. The physical delay represents fuel atomization, evaporation, 

and subsequent mixing with air in the combustion chamber. The chemical delay period includes 

the pre-combustion reactions of the air-fuel mixture and residual gasses in the chamber followed 

by autoignition. The physical delay period is governed by factors such as Fuel Injection Timing 

(FIT), the in-cylinder temperature and the pressure at the time of fuel injection, the physical 

properties of the fuel, and various geometric features of the combustion chamber. On the other 

hand, the chemical delay period predominantly depends on the Cetane Number (CN) and the 

structure of the fuel. Since the ID period determines the quality of the air-fuel mixture formed, an 

extended ID presents more time for the formation of a relatively homogeneous air-fuel mixture. It 

is important to note that the air-fuel mixture is mostly stratified and heterogenous in (Direct 

Injection) DI engines; however, the extent of homogeneity could be improved marginally by 

increasing the ID period. Importantly, the ignition of heterogeneous mixtures results in relatively 

poor combustion efficiencies. Additionally, combustion of the heterogenous air-fuel mixture 

produces higher rates of undesired harmful emissions such as nitrogen oxides (NOx), particulate 

matter (PM), carbon monoxide (CO), and total hydrocarbons (THC) compared to the combustion 

of homogeneous mixtures. Therefore, it is desirable to elevate the ID period.  

The auto-ignition of a relatively homogenous mixture after a sufficiently long ID period is ideal to 

achieve Partially Premixed Charge Compression Ignition (PPCI) combustion [61, 62, 151, 155]. 

Due to its inherent advantages, such as enhanced combustion performance and the ability to 

alleviate the NOx-PM tradeoff, it is desirable to operate CI engines in the PPCI mode. For this, low 
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to intermediate in-cylinder temperatures at the time of fuel injection are required. Recalling the 

discussion from Chapter 2, in this temperature window (~650-800 K), the oxidation of 

hydrocarbons can be categorized as slow combustion, cool flames, and Negative Temperature 

Coefficient (NTC) behavior. In this NTC region, increasing the temperature of the system leads to 

a decline in the reaction rate deterring the auto-ignition process. Therefore, operating in the NTC 

region elevates the ID period; hence, aiding in improving the homogeneity of the air-fuel mixture. 

Thus, it is critical to study the optimum conditions for operating in the NTC region.  

Due to its importance, NTC behavior and its influence on the ID period are extensively studied 

both experimentally and using numeric models for various fuels [120, 125, 126, 130, 131, 133, 

134, 159-163]. Shock Tube (ST), Rapid Compression Machines (RCM), and Constant Volume 

Combustion Vessel (CVCV) setups are popular methods used to study ID periods experimentally 

[120, 123, 133, 134, 163, 164]. The method of measuring the ID time varies depending on the type 

of system utilized. Generally, pressure measurement through transducers or hydroxyl (OH) 

emission data is used to determine the ID time [120, 130, 131]. Moreover, the numerical models 

developed to compute ID for various fuels are validated using the experimental results of fuels 

with comparable structures and properties. Compared to ST/CVCV/RCM systems, the ID 

measurements with a dynamic CI engine, through a high-fidelity heat release model provides more 

realistic data that are closer to production engines. Thus, the accuracy of predictive models could 

be further enhanced by validating them with ID data captured in a CI engine. Of note, the ID period 

with the single-cylinder engine test setup used in this study is calculated using the second 

derivative of the measured in-cylinder pressure data [1, 114, 115]. 

However, experimental results alone do not provide sufficient information for a fundamental 

understanding of the ID process. For this, evaluation of the chemistry of the combustion process 
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using appropriate Chemical Kinetic (CK) reaction mechanisms is necessary. Moreover, an engine 

model in conjunction with a CK reaction mechanism will enable predicting the ID behavior over 

a wide range of operating conditions. Therefore, a combustion model simulating the internal 

combustion engine cycles has been developed and the experimental data collected with the engine 

will be used to calibrate and validate the model. Initially, the details of the engine model that was 

developed are presented. Subsequently, the criteria for selecting a CK model for biodiesel (BD) 

and ultra-low sulfur diesel (ULSD) are discussed followed by the model validation process 

utilized. Finally, the ID values calculated for the experimental results with BD and ULSD 

(Chapters 2 and 3) will be compared and discussed with the model results.  

5.2 Engine Model and Governing Equations 

Previously, a zero-dimensional (0-D) model assumption has been used to estimate the combustion 

performance properties in the homogeneous charge compression ignition regime by Bengtsson et 

al. [165]. As noted earlier, the homogeneity of the air-fuel mixture is relatively stratified in DI 

engines in the PPCI mode; nevertheless, the extent of homogeneity is better compared to 

conventional combustion mixtures. However, from an engine modeling perspective, it is 

reasonable to approximate that the air-fuel mixture is homogenous in the PPCI regime. 

Importantly, the model presented here utilizes engine geometry and fundamental conservation 

equations which is a first of its kind; hence, the assumptions considered are necessary as a starting 

point. These approximations will be refined in the future to capture the effects of fuel injection and 

spray characteristics, and other important parameters that have a considerable influence on the 

combustion process.  

Hence, this effort presents a 0-D single-zone model for computing in-cylinder thermodynamic 

properties using the engine geometry information and the fundamental conservation laws. 
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Importantly, the focus of this effort is to study the thermal and chemical activity inside the 

combustion chamber between Intake Valve Closing (IVC) and Exhaust Valve Opening (EVO); 

thus, providing the liberty of excluding equations that address flow behavior into or out of the 

control volume. In addition, the fuel spray characteristics and their influence on combustion are 

ignored as they are beyond the scope of this work. The details of the engine geometry are provided 

first followed by the fundamental governing conservation equations. These governing equations 

are simplified according to the above-stated assumptions, and the final version of the Ordinary 

Differential Equation (ODE) used to solve for various parameters is presented. Subsequently, a 

summary of the ODEs that are solved and the relevant initial conditions used are discussed.  

5.2.1 Engine geometry 

The compression ratio of the engine is computed using the clearance volume (Vc) and displacement 

volume (Vd):   

The displacement volume is calculated from the bore diameter (b) and stroke length (s) of the 

engine: 

 ὠ  
“ὦ

τ
ί (22) 

In addition, the total in-cylinder volume V is computed using the connecting rod length l, the crank 

radius a, and the distance between the crank axis and the piston pin axis x:  

 ὠ  ὠ
“ὦ

τ
ὰ ὥ ὼ (23) 

The crank radius is half the stroke length. The instantaneous value of x depending on the Crank 

Angle (CA) position (ɗ) can be calculated according to: 

 ὶ
ὠ ὠ

ὠ
 (21) 
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 ὼ  ὥὧέί—ὰ ὥίὭὲ— Ⱦ (24) 

The engine parameters such as s, b, l, and a are set to the Yanmar L100v values shown in Table 

20. Additionally, detailed specifications of the test engine are provided in Chapter 2. The surface 

area of the cylinder head Ach, and the piston surface area Ap are used to compute the combustion 

chamber surface area at any crank position ɗ according to:  

 ὃ  ὃ ὃ “ὦὰ ὥ ὼ (25) 

Table 20: Yanmar single-cylinder engine specifications 

Manufacturer and model Yanmar L100V 

Bore [mm] 86 

Stroke [mm] 75 

Displacement [L] 0.435 

Compression ratio [-] 21.2 

Conventional FIT [° BTDC] 12.5 (ULSD) and 12.0 (BD) 

Engine speed [rpm] 1800 

Clearance volume [m3] 2.161³10-5 

Connecting rod length [m] 0.188 

Inlet valve closing [° ATDC] 122 

Exhaust valve opening [° BTDC] 144 

  Subsequently, the rate of change of V with time is given by: 
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Similarly, the rate of change of x with time is obtained through:    

 
Ὠὼ

Ὠὸ
ὥίὭὲ—

ὥЍςὧέί—ίὭὲ—

ςὰ ςὥίὭὲ—

Ὠ—

Ὠὸ
 (27) 

Importantly, the rate of change of the CA position with time is given by:  
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Finally, the rate of change of As with time is obtained by:   
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 (29) 

5.2.2 Conservation of mass, momentum, species, and energy 

As stated earlier, the analysis of the selected control volume is performed between IVC and EVO. 

Thus, the only change in mass within the control volume (ά) is during fuel injection (ά ): 

 
Ὠά

Ὠὸ
ά ὸ (30) 

The mass flow rate is set to zero for all CA positions except for the duration of fuel injection. The 

values of FIT and its duration are set to the corresponding experimental conditions. The general 

version of the conservation of mass (m) is represented as the product of density (ɟ) and volume 

(V): 
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Simplifying this general version and rearranging the terms yields the final conservation of mass 

equation:  
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Similarly, the general version of conservation of momentum is given by: 
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Simplifying the general version with the 0-D assumption yields the following where  is the 

velocity: 

 Ὠ

Ὠὸ
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(34) 
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Moving forward, the general version of the conservation of species with the molar concentration 

of the species in the respective coordinates C, and source term Ἓ is given by:  

 ‬ὅ

‬ὸ
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‬ᾀ

ὅ‮‬

‬ὼ

ὅ‮‬

‬ώ

ὅ‮‬

‬ᾀ
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(35) 

Using the 0-D assumption, the conservation of species can be simplified to obtain:  
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Here, is the production rate of the species, and M is the molecular weight of the species. Writing ‫ 

the conservation of species expression on a mass basis yields: 
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Simplifying for the mass fractions of the species Y yields the final version of the conservation of 

species relation: 
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Analogous to the conservation of mass, the general conservation of the total energy E in the 

respective coordinates is given by:   
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(39) 

Simplifying the general energy equation for 0-D with source terms yields:  
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Here, p represents the pressure in the control volume. In addition, the source term άὬ indicates 

the energy added due to the fuel where hf is the actual enthalpy of the fuel and ἂf is the mass flow 

rate of fuel. Additionally, the heat lost due to fuel evaporation (ὗ  using the enthalpy of 

vaporization of the fuel hvap is obtained through:   

 ὗ άὬ  (41) 

Similarly,  ὗ  indicates the heat transfer losses due to convection and radiation given by:  

 ὗ Ὤὃ Ὕ Ὕ ‐„ὃ Ὕ Ὕ  (42) 

Here, hc is the convective heat transfer coefficient, T is the temperature in the control volume, and 

Twall is the wall temperature. In addition, Ů is the emissivity, and ů is the Stefan-Boltzman constant 

of radiation. Subsequently, substituting the final expressions of conservation of mass and 

momentum in Equation (40) yields:   
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Utilizing a complete internal energy (u) expansion:  
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Assuming the working fluid is an ideal gas, and realizing that the internal energy is not a function 

of pressure, the energy equation is further simplified to:  
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In addition, using j to represent the individual species, the total internal energy can be expressed 

as:  

 

ό ὣό Ὕ (46) 

With the fundamental understanding of constant volume specific heat (cv), the final version of the 

conservation of energy equation is: 
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Rearranging the terms, the ODE used to compute the rate of temperature change is:  
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Subsequently, the ideal gas law can be used to compute the pressure: 
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Finally, the gas constant can be found using the universal gas constant Ὑ by:   

 Ὑ
Ὑ

ὓ
 (50) 

Additionally, Mmix is the molar molecular mass of the mixture given by:  

 ὓ ὢὓ  (51) 

Here Xj is the mole fraction and Mj is the molar molecular mass of the j th species. The mole fraction 

of the j th species is given by:  



 

148 

 

 

ὢ

ὣ
ὓ

В
ὣ
ὓ

 (52) 

Subsequently, the rate of change of the gas constant can be defined as:  
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Similarly, the rate of change of the mixture molar molecular mass is: 
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Finally, the rate of change of mole fractions of each species is obtained by: 
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 (55) 

Overall, ODEs described in Equations (26) through (30), (32), (34), (38), (48), (49), (53), (54), 

and (55) are solved using MATLAB. Specifically, the ode15s solver was used due to its 

comparatively higher accuracy while solving stiff ODEs [166]. In addition, a relative tolerance of 

10e-6 and an absolute tolerance of 10e-12 were used. Details of the reaction mechanism used are 

presented next followed by the overall methodology used to set up the solver.  

5.3 CK Reaction Mechanism Selection 

Theoretical studies of relatively simpler fuels, aka surrogates, are popular due to the uncomplicated 

nature of their reaction and transport mechanisms. However, the chemical/physical properties of 

these reference fuels are often not similar enough to the conventional fuel. Concerning biodiesel 

fuels, the reaction mechanism and the corresponding transport mechanism of methyl butanoate 
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were first developed and studied [167, 168]. However, this model failed to capture the oxidation 

behavior of BD-like fuels at low temperatures accurately [168]. In other words, the ID results of 

this model did not exhibit NTC behavior at low and intermediate temperatures [168]. As stated 

earlier, the main goal of this study is to study the operating conditions under which NTC behavior 

occurs which assists in extending the ID of the air-fuel mixture. Therefore, it is critical for the 

reaction mechanism to capture low temperature kinetics effectively.  

Subsequently, reaction mechanisms of methyl decanoate (MD) (C11H22O2) were studied with 

specific emphasis on capturing the NTC behavior of BD [132, 169-174]. In particular, the reaction 

model developed for MD by Lawrence Livermore Nation Laboratory has shown fair agreement 

with experimental studies while capturing the NTC behavior and its influence on the ID period 

[175-178]. As a result, the CK reaction mechanism of MD with 2880 species and 9742 reactions 

was selected. Importantly, this CK reaction mechanism has been validated and is in good 

agreement with experimental results conducted on cooperative fuel research engines and Jet 

Stirred Reactors (JSR) with MD as the fuel [174]. In addition to the low temperature kinetics, this 

mechanism is also reported to reproduce the early formation of carbon dioxide which is unique in 

the combustion of oxygenated fuels due to the presence of ester groups. This mechanism has been 

shown to successfully predict the ID periods and the OH values observed in ST experiments with 

MD as the fuel [174].  

In addition to the oxygenated fuel, a reaction mechanism must be selected to compare the 

experimental results conducted with ULSD presented in Chapter 3. Similar to the earlier case, the 

reaction mechanism of the ULSD surrogate fuel should capture low temperature kinetics as it is 

the focus of this study. In this avenue, Pei et al. presented a multi-component CK mechanism [179] 

that combined the initially developed detailed kinetics of n-dodecane (C12H26) by Sarathy et al. 
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[180] with the recently proposed mechanism for the combustion of m-xylene by Mehl et al. [181]. 

The model results showed good agreement with the experimental ID studies conducted on RCM 

[182, 183], JSR [184, 185], and ST [180, 186] systems. Importantly, the combined reaction 

mechanism effectively captures the low temperature kinetics of alkane-like fuels. Therefore, the 

multi-component diesel surrogate reaction mechanism with 2885 species and 11754 reactions was 

selected.  

Importantly, the details of the chemical reactions, transport parameters, and thermodynamic 

parameters for both the MD and the ULSD surrogate reaction mechanisms can be found at 

https://combustion.llnl.gov/mechanisms and are available for download in CHEMKIN format. 

Due to the ease of use and familiarity with Cantera, the individual parameters of the reaction 

mechanisms were converted from CHEMKIN to Canteraôs YAML format [187]. The resulting 

YAML version of the mechanism compiles the chemical reactions, the transport parameters, and 

the thermodynamic parameters into one file, which can be edited through note++ or other 

equivalent software if necessary. To access the reaction mechanism files in Cantera through 

MATLAB, it is also necessary to install a compatible version of Python [188]. For this study, 

Cantera version 2.5.1, Python version 3.9, and both MATLAB 2019 and MATLAB 2021 were 

utilized as different machines were used. It is assumed there is no difference in results between 

two different versions of MATLAB since the same tolerances were utilized.  

In summary, the governing ODEs were translated to a MATLAB code and solved with the ode15s 

function. Simultaneously, the reaction mechanism was imported into MATLAB by utilizing the 

appropriate syntax specific to Cantera. Following this, the combined combustion model was set 

up to simulate the experimental settings shown in Table 21. Since the focus of the study is to 

observe the ID behavior at various FIT settings, the simulations were run between IVC and 20° 

https://combustion.llnl.gov/mechanisms
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After Top Dead Center (ATDC). As seen in Table 21, the maximum ID period observed during 

experiments was about 20° of CA (CA); therefore, concluding the simulation at 20° ATDC would 

provide sufficient time for ignition. In addition to 1.5 N-m, the model was also run for 0.5 and 1.0 

N-m load conditions for both fuels. Due to the similarities in the result trends, the input values and 

the results obtained are not presented here; however, these results will be provided upon request.  

Table 21: FIT and flow measurements at corresponding experimental settings used as 

input to the model. 

Fuel 
CK 

mechanism 

Load 

 (N-m) 

FIT  

(°BTDC) 

 Air mass flow 

rate (g/s)   

Fuel mass flow 

rate (g/s)   

Experimental  

ID (° CA) 

BD MD [174] 1.5 

12.0 6.320 0.078 12.2 

15.0 6.312 0.079 12.0 

20.0 6.300 0.083 12.2 

25.0 6.254 0.086 11.6 

30.0 6.243 0.088 10.4 

35.0 6.261 0.087 20.0 

ULSD 

ULSD 

surrogate 

[179] 

1.5 

12.5 6.259 0.083 12.2 

15.0 6.283 0.076 12.2 

20.0 6.281 0.078 12.2 

25.0 6.247 0.084 12.0 

30.0 6.193 0.085 15.0 

35.0 6.276 0.086 20.0 

5.4 Initial Settings 

Firstly, the initial mass fractions of nitrogen (N2) and (O2) are set to 0.77 (ὣ ) and 0.23 (ὣ ) 

respectively at IVC (Yivc). Subsequently, the mass flow rate of O2 is computed from the mass flow 

rate of air (ά ) into the engine obtained by experimental data for a given set point: 

 ά ά ὣ  (56) 
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The details of the instrumentation used to measure the mass flow rates of air and fuel, and the in-

cylinder pressure is discussed in detail in Chapter 2. Similarly, the mass flow rate of N2 is obtained 

by:  

 ά ά ρ ὣ  (57) 

Following this, the experimentally measured in-cylinder pressure at IVC (Pivc) was set as a known 

initial pressure (Table 22). Digressing briefly, an in-house built 0-D heat release model developed 

by Mattson et al. was used to compute the in-cylinder temperature which is presented in Chapters 

2 through 4 [114]. This estimated temperature at IVC (Tivc) was set as the initial temperature for 

the model at the corresponding FIT settings (Table 22). Subsequently, the gas properties are fixed 

for the selected reaction mechanism by using the ñset gas properties functionò. Using this function, 

the thermochemical properties such as density, enthalpy, internal energy, heat capacity, mean 

molecular weight, and universal gas constant information is extracted from the reaction mechanism 

at the defined Pivc, Tivc, and Yivc. As discussed in the model calibration section, the Tivc and the heat 

transfer coefficient hc were calibrated to match the experimental and the computed model results 

of the in-cylinder pressure and temperature. 

As stated earlier, the control volume is a closed system except during fuel injection. Therefore, the 

experimentally measured fuel flow rates are converted into flow rates per thermodynamic cycle. 

The resulting ἂf into the combustion chamber for all settings included in Table 21 is as shown in 

Figure 35. Thus, the fuel mass flow rate profile for the corresponding operating condition is fed as 

the input to the model. After setting the gas properties and defining the fuel mass flow rate profile, 

the ODEs are solved for the required parameters. Overall, the flow of information and the 
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computation of various thermodynamic parameters in the combustion model is shown in Figure 

36. 

Table 22: Experimental in-cylinder pressure temperature data at IVC.  

Fuel 
CK  

mechanism 

Load  

(N-m) 

FIT  

(° BTDC) 

In-cylinder 

temperature at 

IVC (Tivc) [K]  

In-cylinder 

pressure at  

IVC (Pivc) [bar] 

BD MD 1.5 

12.0 401.849 1.270 

15.0 374.770 1.434 

20.0 358.637 1.454 

25.0 373.488 1.339 

30.0 393.337 1.424 

35.0 394.469 1.491 

ULSD 
ULSD  

surrogate 
1.5 

12.5 360.019 1.349 

15.0 387.678 1.469 

20.0 406.914 1.430 

25.0 372.220 1.433 

30.0 382.854 1.319 

35.0 398.194 1.356 
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Figure 35: Mass flow rate of fuel vs. CA position at 1.5 N-m for (a) BD and (b) ULSD at 

various FIT settings. 
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Figure 36: Block diagram representing the flow of information in the combustion model 

5.4 Results and Discussion 

The initial model results using the default values of Tivc, Pivc, and Yivc (Table 22) are shown in 

Figure 37 (dashed green line) for the n-dodecane reaction mechanism. When comparing the 

obtained model results with the experimental data (black line in Figure 37) it is evident that the 

model is overpredicting the in-cylinder pressure (Figure 37a) and temperature (Figure 37b). Hence, 

the convective heat transfer coefficient hc (Equation (42)) and the initial temperature Tivc were 

gradually modified to lower the in-cylinder pressure and temperature values and match the 

experimental results. Of note, the default hc value is 3.2. Importantly, calibration of Tivc and hc for 

the entire thermodynamic cycle, i.e., between IVC and EVO is a substantially complex process as 

the reaction mechanism selected will have a significant impact on the thermodynamic parameters 

in the combustion chamber post fuel injection. Thus, the calibration would vary for each reaction 

mechanism and operating setting. Therefore, the focus of the calibration process was to ensure that 

the model results matched experimental pressure and temperature data between IVC and the point 

of fuel injection. In addition to the earlier stated reason, this criterion was selected because the 
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control volume is a closed system between IVC and the point of fuel injection. Hence, the only 

reactive species inside the combustion chamber during his period are N2 and O2 whose initial mass 

fractions are known. 

Importantly, the duration required to run the combustion model between IVC and the time of fuel 

injection was around 80 to 90 minutes with either MD or ULSD surrogate kinetic models for each 

operating setting due to the extensive set of reactions and species in the detailed mechanism. 

Calibrating the Tivc and hc for each FIT setting for both fuels using the detailed model would be an 

extremely time-consuming process. Therefore, a relatively simpler reaction mechanism of n-

dodecane (C12H26) defined for alkanes was selected. The n-dodecane reduced reaction mechanism 

described by Kukkadapu et al. consists of 100 species and 432 reactions [189, 190]. The n-

dodecane mechanism was used only for the calibration process. 

As seen in Figure 37a and Figure 37b, using the calibrated hc and Tivc values, the model results are 

comparable to the experimental results in the region of interest; i.e., between IVC and point of fuel 

injection. It was found that the Tivc has a larger impact on the profile of the temperature and its 

peak value compared to hc. The initial condition used for the temperature has a bigger effect on its 

final profile and the peak value. In addition, when observing Equation (48) it is noticeable that hc 

would have a comparatively smaller impact on the temperature results obtained. On the other hand, 

the pressure profile remained relatively unchanged with slight changes in both hc and Tivc values. 

This suggests that the density and universal gas constant terms in Equation (49) enable the pressure 

to remain stable even with changing temperatures.  
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Figure 37: Comparison of (a) in-cylinder pressure and (b) temperature vs. CA position, 

before and after calibration of hc and Tivc at 1.5 N-m and 12.5 ° BTDC FIT with n-dodecane 

CK mechanism.  

On the other hand, following fuel injection, the calibrated model results and experimental data of 

both in-cylinder temperature and pressure deviate. Firstly, a fuel injection model that would 

capture the fuel spray characteristics followed by the atomization and evaporation behavior will 

enable an improvement in the prediction of the in-cylinder pressure and temperature profiles. 

However, this is beyond the scope of the current study. In addition, the n-dodecane mechanism 

used in this study [189] was developed by combining two n-alkane [180, 191] mechanisms, and 

one n-heptane mechanism [192]. These individual mechanisms use literature results from 

JSR/ST/flow reactor experiments to validate the predicted reaction rate constants. The details of 

these literature experiments and their operating conditions used to validate the n-alkane and n-

heptane mechanisms are shown in Table 23. Importantly, the JSR/ST/flow reactors are less 

dynamic compared to CI engines. In addition, the in-cylinder pressure at the time of fuel injection 
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and the equivalence ratio (ὲ) for the CI experiments conducted with the single-cylinder engine is 

presented in Table 23. Here, the in-cylinder pressure at the time of fuel injection is between 12-40 

bar. However, the literature experiments utilize a relatively lower operating pressure. Furthermore, 

the equivalence ratio used during the engine trials for all FIT settings has an equivalence ratio 

lower than 0.2, which is less than the equivalence ratio used in JSR/ST/flow reactor experiments. 

Overall, the in-cylinder pressure at the time of injection is marginally higher and the equivalence 

ratio is lower than the experimental conditions used by the literature JSR/ST/flow reactor setups. 

Thus, the reaction rate constants presented in the n-alkane and n-heptane mechanisms that are 

subsequently used in the n-dodecane mechanism are not validated for the operating pressures and 

equivalence ratios utilized in the current model (Table 24). Thus, the comparatively less dynamic 

nature of the literature experiments and the differences in the operating conditions yield reaction 

rate constants with marginal errors. Thus, these discrepancies cause deviations in the predicted in-

cylinder pressure and temperature trends compared to experimental results as seen in Figure 37.  

In addition to the kinetics, the instantaneous volume of the cylinder has a noticeable impact on the 

in-cylinder temperature. Due to the nature of the compression and expansion process and the 

resulting changes in the cylinder volume, the temperature continues to increase until TDC 

irrespective of the conclusion of combustion. Similarly, the in-cylinder temperature begins to 

decline after TDC independent of the conclusion of combustion.  
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Table 23: Experimental details used to validate the reaction rates for n-alkane and n-

heptane mechanisms that are combined by Kukkadapu et al. and develop the n-dodecane 

reaction mechanism [189]. 

n-alkane mechanism [191] n-alkane mechanism [180] 

Experimental  

setup 

Temperature (K) |  

Pressure (bar) | ὲ (-) 

Experimental  

setup 

Temperature (K) |  

Pressure (bar) | ὲ (-) 

Thermolysis 

[193] 
623-893 | 1 | NA  [183] 640-960 | 10-20 | 1.0 

JSR [194] 773-1073 | 1 | NA  JSR [180] 500-1200 | 10 | 0.5-2.0 

ST [123] 840-1300 | 13 | 0.5-2.0 ST [180] 631-1327 | 20 | 0.5-1.5 

ST [195] 800-1300 | 80 | 0.5-1.0     

Flow reactor 

[196] 
1019-1200 | 1-13 | 1.0-2.0     

JSR [197] 750-1150 | 10-40 | 1.0-2.0     

n-heptane [192] 

Experimental  

setup 

Temperature (K) |  

Pressure (bar) | ὲ (-) 

ST [192] 726-1412 | 15-38 | 1.0 

JSR [192] 500-1100 | 1 | 0.3-4.0 

Table 24: Experimental in-cylinder pressure and equivalence ratio data with BD and 

ULSD as the fuel at 1.5 N-m. 

 Experimental data with BD Experimental data with ULSD 

FIT 

[° BTDC] 

Pressure 

at FIT [bar] 

Equivalence 

ratio [-] 

Pressure 

at FIT [bar] 

Equivalence 

ratio [-] 

12.5 39.90 0.154 41.41 0.167 

15.0 35.19 0.166 35.45 0.160 

20.0 27.52 0.174 27.51 0.165 

25.0 21.03 0.182 21.41 0.177 

30.0 16.22 0.184 16.31 0.181 

35.0 12.57 0.186 12.66 0.181 

Returning to the calibration of the hivc and Tivc, following a similar methodology, the values for the 

convective heat transfer coefficient and the temperature at IVC were computed for the remaining 
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FIT settings using the n-dodecane reaction mechanism as shown in Table 25. Importantly, the 

default hc value given by Hohenberg is 3.26 [198]. Comparing the constants presented in Table 

25, the calibrated hc values are approximately 6 times greater than the default value suggested by 

Hohenberg. Similar discrepancies between the calibrated hc and default values are presented in the 

literature. For instance, Morel and Keribar found that the computed convective heat transfer 

coefficient averaged over the combustion surface area was about 2.6 times greater than the default 

comparative correlation proposed by Annand [199]. In addition, Karamangil and Surmen found 

that as the compression ratio of the engine was increased from 7:1 to 10:1, the convective heat 

transfer coefficient rose by about 1.6 times [200]. Therefore, considering the compression ratio of 

the engine utilized in this study is significantly high (21.1), it is reasonable for the calibrated hc to 

be about 6 times greater than the default value suggested by Hohenberg.  

Table 25: Calibrated values of Tivc and hc for all FIT settings with the n-dodecane kinetic 

mechanism 

Fuel 
CK  

mechanism 

Load  

(N-m) 

FIT  

(° BTDC) 

Calibrated  

Tivc [K]  

Calibrated  

hc [W/m2-K]  

BD MD 1.5 

12.0 345.0 20.5 

15.0 365.0 20.5 

20.0 365.0 20.5 

25.0 360.0 20.5 

30.0 360.0 20.5 

35.0 365.0 20.5 

ULSD 
ULSD  

surrogate 
1.5 

12.5 347.5 19.5 

15.0 345.0 19.5 

20.0 342.5 19.5 

25.0 370.0 19.5 

30.0 370.0 19.5 

35.0 370.0 19.5 

The comparison of the Experimental Pressure (EP) data using ULSD as the fuel with the Model 

Pressure (MP) results obtained for all FIT settings with the n-dodecane CK mechanism are 
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presented in Figure 38a and Figure 38b. Similarly, Figure 38c and Figure 38d depict the 

comparison of Experimental Temperature (ET) data with the Model Temperature (MT) results. 

The combustion model predictions of the in-cylinder pressure and temperature profiles are 

reasonable. In addition, the 0-D model results are also able to match the peak experimental pressure 

and temperature values. Overall, the calibrated combustion model results show reasonable 

agreement with the experimental data; hence, concluding the validation process. Off note, the 

calibrated value of the convective heat transfer coefficient hc was set to the default value of 3.2 

post fuel injection.  

Subsequently, using the same calibrated values of hc and Tivc (Table 25) the combustion model 

with the detailed MD reaction mechanisms was run and compared with the experimental results 

obtained with BD as the fuel at various FIT settings. As seen in Figure 39, the calibrated constants 

still reasonably predict the in-cylinder pressure and temperature for the MD CK mechanism. 

Similar results were obtained with the ULSD surrogate mechanism, and the model results showed 

reasonable agreement with the experimental data obtained with ULSD as the fuel (Figure 40). This 

is not surprising as the only reactive species between IVC and the point of injection are O2 and N2. 
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Figure 38: Comparison of experimental and calibrated model results of (a) and (b) in-

cylinder pressure, and (c) and (d) in-cylinder temperature vs. CA position for various FIT 

settings at 1.5 N-m with n-dodecane reaction mechanism. 
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Figure 39: Comparison of experimental and calibrated model results of (a) and (b) in-

cylinder pressure, and (c) and (d) in-cylinder temperature vs. CA position for various FIT 

settings at 1.5 N-m with MD reaction mechanism. 
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Figure 40: Comparison of experimental and calibrated model results of (a) and (b) in-

cylinder pressure, and (c) and (d) in-cylinder temperature vs. CA position for various FIT 

settings at 1.5 N-m with ULSD surrogate reaction mechanism. 

5.4.1 0-D Model Results with MD Reaction Mechanism 

Concerning the 0-D model results using the MD reaction mechanism post fuel injection, Figure 41 

shows the comparison of MP results and the EP data with BD as the fuel at 1.5 N-m for all FIT 
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settings. The EP results show a distinct spike in the pressure separating from the Experimental 

Motor Pressure (EMP) indicating the SOC. Moreover, the SOC timing gradually moves into the 

compression stroke as the FIT is advanced. However, the MP separation away from the EMP 

begins at the point of injection. This indicates the increase in pressure associated with the mass 

and energy immediately added to the combustion chamber. Nevertheless, the model captures the 

trend of increasing peak pressure as the FIT is advanced.  

As the FIT is advanced, the amount of fuel required to maintain the set engine load condition 

gradually rises; hence, an incline in the peak pressure is observed. For the first set of FIT settings 

(Figure 41a), the peak cylinder pressure of the model is comparable to the experimental peak 

pressures. However, for fuel injected at 30.0° and 35.0° BTDC (Figure 41b), the discrepancies in 

the predicted peak pressure are marginally higher. As seen from the EP results, the peak pressure 

of the 35.0° BTDC setting is marginally lower compared to the 30.0° injection event. Since SOC 

occurs relatively early for the 35.0° event, there is more time available for heat transfer losses 

resulting in the lower pressure observed. Therefore, it appears that the model is underpredicting 

the heat transfer losses through convection for the 30.0° and 35.0° FIT settings. As stated earlier, 

the hc value is set to its default value of 3.2 after fuel injection. Hence, there is a need to calibrate 

the hc value post fuel injection. However, this was not performed for this study and is suggested 

to be an important consideration for the future.  

Irrespective of the FIT, the peak pressure for the model results occurs near TDC. As mentioned 

earlier, this could be due to the influence of the instantaneous volume of the cylinder on the 

pressure results. The in-cylinder temperature results presented in Figure 42 largely follow the 

pressure trends. The MT gradually increases for each fuel injection advancement reflecting the 

corresponding rise in the amount of fuel injected. Additionally, the rate of increase in the MT 
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begins at the point of fuel injection due to the added fuel mass and energy. Moreover, the peak 

temperature results are comparable to the ET values for all FIT settings except for the 35.0° BTDC 

injection event. 
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Figure 41: Experimental and model in-cylinder pressure vs. CA position for 1.5 N-m 

biodiesel with MD reaction mechanism.  
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Figure 42: Experimental and model in-cylinder temperature vs. CA position for 1.5 N-m 

biodiesel with MD reaction mechanism. 

Concerning the discrepancies in the trends of the pressure and temperature predicted by the 0-D 

model, as discussed earlier, utilizing a model that captures the fuel penetration behavior could aid 

in enhancing the accuracy of the model results. Moreover, similar to the n-dodecane mechanism, 

the MD reaction mechanism was developed by Herbinet et al. [174] by combining the reaction 

mechanisms proposed for iso-octane [201], n-heptane [202], and methyl butanoate [167]. Variable 

Pressure Flow Reactors (VPFR), JSR, RCM, and ST experimental data were utilized to validate 

the reaction rates of these mechanisms. The operating conditions utilized for the experiments are 

presented in Table 26. There is a noticeable difference in the pressure and equivalence ratio values 

used in the VPFR/JSR/RCM/ST experiments compared to the CI engine trial results presented in 

Table 26Table 24. As discussed earlier, these discrepancies in the reaction rates utilized in the MD 

mechanism due to the differences in the operating conditions could impact the in-cylinder pressure 

results predicted by the model. In addition, the experimental pressure data is collected at a 

resolution of 0.2° CA. However, the model was set to compute the ODEs at a resolution of 1° CA 
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to reduce the computation time. Therefore, setting a model to compute results at a higher resolution 

could also improve the accuracy of the results. It is important to note that the average run time of 

the model at a resolution of 1° CA for each FIT setting with MD mechanism averaged around 150-

200 hours. The computation time varied depending on the computer configuration and the level of 

convergence for a given set of input data.  

ID is defined as the time between the start of injection and SOC. Generally, ID is calculated using 

the second derivative of in-cylinder pressure measurements in CI engines [1, 114, 155]. As stated 

prior, this was the method used to compute the experimental ID results presented in this study. 

Alternatively, the time history data of OH obtained during the combustion of hydrocarbons is 

typically used to compute ID in numerical CK studies [174, 203]. This is inspired by the close 

correlation between OH profiles and SOC time observed in experimental ST results [178, 203]. 

Importantly, two peaks of OH mole fractions are observed during the combustion of hydrocarbons 

[178, 204]. The first peak characterizes the pre-ignition reactions followed by the second peak 

representing the main ignition event [174]. For ST studies, Pang et al. defined ID as the period 

between the passing of the reflected shock wave through the fuel, aka time zero, and the initial rise 

in the OH concentration observed [204]. Similarly, Lin et al. used the period between time zero 

and the maximum rate of increase in OH concentration to compute ID [203]. While this definition 

of ID varies slightly in the literature, generally, numerical CK studies use the OH time history 

predictions to compute ID [174, 191, 203, 204]. Hence, a similar method was employed in the 

current study to compute ID trends using OH time history data. Figure 43a shows the 0-D 

combustion model results with the MD reaction mechanism of the OH mole fractions time history 

obtained for a select few FIT settings.  
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Table 26: Experimental details used to validate the reaction rates for iso-octane, n-heptane, 

and methyl butanoate mechanisms that were combined by Herbinet et al. to develop the 

MD reaction mechanism (A: Silica vessel with an electric furnace). 

iso-octane mechanism [201] n-heptane mechanism [202] 

Experimental  

setup 

Temperature (K) | 

Pressure (bar) | ὲ (-) 

Experimental 

setup 

Temperature (K) | 

Pressure (bar) | ὲ (-) 

Flow reactors 

[205] 
1080 | 1 | 1.0 VPFR [206] 550-850| 12.5 | 1.0 

VPFR [206] 600-850 | 12.5| 1.0 JSR [207] 550-1150 | 10 | 0.3-1.5 

VPFR [208] 945 | 6 | 0.05 ST [209] 1200-1700 | 1-4 | 1.0 

JSR [207] 550-1150 | 10 | 0.3-1.5 ST [210] 1300-2000 | | 0.5-4.0 

ST [209] 1200-1700 | 1-4 | 1.0 RCM [211] 355 | 1.2 | 1.0 

ST [212] 950-1300 | 13 | 0.5-2.0   

methyl butanoate mechanism [167] 

Experimental 

setup 

Temperature (K) | 

Pressure (bar) | ὲ (-) 

A [213] 700-550 | 1.4 | 1.0 

A [214] 653 | 1.3 | 1.0 
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Figure 43: 0-D model results of OH mole fractions vs. CA position at 1.5 N-m for (a) a 

select few FITs and (b) 35.0° BTDC injection event. 
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The model successfully predicts two peaks of the OH mole fractions. The conclusion of the first 

peak of OH mole fractions is denoted as (A) in Figure 43b. Additionally, (C) represents the CA 

position of the second peak of OH mole fractions, and (B) represents the average between points 

(A) and (C). In the current study, the time duration between FIT and the CA position represented 

by point (B) is used to define the ID period. Comparing the method used by Lin et al. and Pang et 

al. with the method employed in this study, the point (B) can be considered as the time instant 

where the OH mole fractions begin to rise rapidly [203, 204].  

The ID results of the experiments conducted on the single-cylinder engine using BD as the fuel is 

shown in Figure 44a. As the FIT is advanced, the temperature at the time of fuel injection gradually 

decreases; hence, lowering the reactivity of the system. However, the ID of the experimental 

results remains relatively unchanged for FIT advancements between 12.0° and 25.0° BTDC. This 

is assumed due to the high compression ratio of the engine that enables the temperature and 

pressures at the time of injection to be high enough for the nearly instantaneous atomization, 

evaporation, and ignition of the injected fuel. Interestingly, the ID for the 30.0° BTDC event 

marginally decreases. This represents the NTC behavior of BD where the reactivity of the system 

increases even with the declining temperatures. This behavior is observed only in a small 

temperature window that is unique for the type of fuel used and the operating conditions such as 

equivalence ratio and pressure. Further lowering the temperature causes an increase in the ID as 

seen for the 35.0° BTDC event.  

The corresponding ID results of the 0-D model with the MD reaction mechanism are also shown 

in Figure 44a. Unlike the experimental ID trends, the ID gradually increases between 12.0° and 

25.0° BTDC FIT events. While there is a drop in the temperature at the time of fuel injection, the 

predicted ID for the 25.0° and the 30.0° events are comparable. Moreover, the ID increases on 
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further advancing the FIT to 35.0° BTDC; hence, mimicking the experimental trends. The 

dependence of ID on the operating temperature can be better visualized in Figure 44b. Initially, as 

the temperature increases, a steep decline in the ID is observed for the experimental and model ID 

results. However, in the window between about 680-720 K, increasing the temperature has no 

significant impact on the ID. Increasing the temperature further results in a lower ID due to the 

elevated reactivity of the system. While the overall trend appears similar to the experimental data, 

not enough information is provided in Figure 10b to definitively state that the NTC regime was 

predicted by the model. 
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Figure 44: Experimental and model results of (a) ID vs. FIT and (b) ID vs. Temperature for 

BD. 

As stated earlier, the MD reaction mechanism utilized in the 0-D model was developed by Herbinet 

et al. [174]. The ID results presented by Herbinet et al. at two different pressure conditions are 

shown in Figure 45a (p = 40 bar) and Figure 45b (p = 20 bar) represented by the red open squares. 

These ID trends were used to compare their results with ST experimental data obtained by Pfahl 
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et al. [123]. Importantly, the method utilized to compute the ID by Herbinet et al. is not discussed. 

In addition, the assumptions employed in the ID calculations validated for ST experimental results 

are not presented by Herbinet et al. [123]. For both the operating pressures shown in Figure 45a 

and Figure 45b, as the system temperature decreases, i.e., increasing 1000/T(K), the literature 

model ID results gradually rise suggesting the reduction in the reactivity. However, in the NTC 

temperature window, there is a distinct decline in the ID trend as the temperature lowers. 

Subsequently, further decreasing the operating temperature results in a gradual rise in the ID 

indicating the departure from the NTC window. The NTC 1000/T(K) window is approximately 

between 1.0 and 1.1 for an operating pressure of 40 bar (Figure 45a). However, this 1000/T(K) 

window slightly shifts to about 1.1 to 1.2 for the 20-bar case (Figure 45b). This indicates the 

dependency of ID and subsequently the NTC temperature window on the operating pressure. 

Importantly, it has been shown that the rate of the chain branching reactions is comparatively more 

at higher operating pressures [128, 129]. Similarly, it has been shown that increasing the 

equivalence ratio of the mixture leads to a lower ID. Additionally, the NTC temperature window 

shifts marginally based on the equivalence ratio setting [201, 202]. 

Moving forward, a comparison of the 0-D model results with the literature ID data presented by 

Herbinet et al. is shown in Figure 45a (p = 40 bar) and Figure 45b (p = 20 bar). The ID trends 

obtained with the 0-D model in the 1000/T(K) window between 1.2 and 1.6 are comparable to the 

literature trends. As the 1000/T(K) increases, i.e., decreasing temperature at the time of fuel 

injection, the ID gradually rises due to the lower reactivity of the system. Additionally, the model 

appears unable to capture the distinct kink in the ID that represents the NTC region. As mentioned 

earlier, the model simulations were run at a resolution of 1° CA. Lowering the resolution to 0.5° 
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or 0.2° CA could enable the model to capture the NTC behavior; however, this could significantly 

increase the run time from days into weeks. 

 

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0.6 0.8 1 1.2 1.4 1.6

0.6 0.8 1 1.2 1.4 1.6

ID [ms]

Lit. ID [ms] | p = 40bar

L
ite

ra
tu

re
 M

o
d
e
l ID

 [m
s
] | p

 =
 4

0
b
a
r

1000/T [1/K]

Literature Model 1000K/T [-]

Ig
n

it
io

n
 D

e
la

y
 [
m

s
]

(a)

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0.6 0.8 1 1.2 1.4 1.6

0.6 0.8 1 1.2 1.4 1.6

ID [ms]Lit. ID [ms] | p = 20bar

L
ite

ra
tu

re
 M

o
d
e
l ID

 [m
s
] | p

 =
 2

0
b
a
r

1000/T [1/K]

Literature Model 1000K/T [-]

Ig
n

it
io

n
 D

e
la

y
 [
m

s
]

(b)

 

Figure 45: Comparison of model results and literature data presented in Herbinet et al. of 

ID vs. 1000/T(K) [174]. 

Additionally, the pressure for the conventional FIT setting is about 41 bar (Table 24) which is 

comparable to the operating pressure of the literature results presented Figure 45a. However, the 

pressure gradually declines for advanced FIT settings. In addition, the equivalence ratio used in 

the literature data was 1.0, which is significantly higher than the ὲ values used in the current model. 

It is well known that ID is lower at higher equivalence ratios; hence, ID is considered to be 

inversely proportional to the equivalence ratio in numerical CK studies [124, 126, 215]. Therefore, 

the predicted ID values presented in Figure 45a and Figure 45b are expected to be higher than the 

literature model results. However, as stated by Herbinet et al., there were uncertainties in the 

kinetic parameters used in the mechanism for the decomposition of OH compounds in the low-
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temperature part of the mechanism [174]. As discussed earlier, ID is computed using the OH mole 

fraction results in the current study. Hence, the discrepancies in the ID values presented in the 

literature and the 0-D model results obtained could be due to the uncertainties in the kinetic 

parameters related to OH decomposition used in the MD reaction mechanism. In addition, the 

differences in the assumptions and calibration used by Herbinet et al. compared to those used in 

this study could also lead to these dissimilarities.  

5.4.2 0-D Model Results with ULSD Surrogate Reaction Mechanism 

Moving forward, the comparison of the EP data collected on the single-cylinder engine with ULSD 

as the fuel and the 0-D results of the MP with the ULSD surrogate reaction mechanism is shown 

in Figure 46 for all the FIT settings considered. Additionally, the ET and MT results are presented 

in Figure 47. The trends of EP and MP results are similar to the BD results discussed earlier. 

Briefly, as the FIT is advanced the CA position where the EP separates away from the EMP occurs 

earlier in the compression stroke. This suggests that the SOC timing is moving further into the 

compression stroke for each injection advancement. For the same reason, the peak EP and ET 

occur earlier in the compression stroke for advanced FIT events. In addition, the magnitude of the 

peak pressure and peak temperatures gradually rise between 12.5° and 30.0° BTDC injection 

events due to the excess fuel added to ensure the set load condition is achieved. However, the peak 

EP and ET for the 35.0° BTDC are marginally lower than the 30.0° due to the excess time available 

for heat transfer losses.   
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Figure 46: Experimental and model in-cylinder pressure vs. CA position for 1.5 N-m biodiesel with 

ULSD surrogate reaction mechanism. 

The in-cylinder pressure and temperature results with the ULSD surrogate mechanism have 

comparable trends to the MD mechanism model results. Briefly, the MP separates away from the 

EMP at the point of fuel injection suggesting that the increase in pressure observed is due to the 

addition of fuel, and not due to SOC. The peak values of the MP and MT are comparable to the 

EP and ET respectively for 12.5° and 15.0° BTDC injection events. However, the model peak 

pressure and temperatures are relatively higher than the experimental peak pressure and 

temperature for the remaining FIT events. In addition, unlike the experimental trends, the predicted 

peak MP and MT timing occur close to TDC for all FIT events.  
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Figure 47: Experimental and model in-cylinder temperature vs. CA position for 1.5 N-m ULSD 

with ULSD surrogate reaction mechanism. 

As discussed earlier, these discrepancies in the predicted pressure and temperature trends could be 

addressed by: 

¶ Including a fuel injection model that captures the fuel spray characteristics and captures 

the fuel atomization and evaporation processes.  

¶ Expanding the model to analyze energy in higher dimensions.  

In addition to the 0-D model, the reaction mechanism utilized also has a noticeable impact on the 

MP and MT trends. In this avenue, the reaction mechanism for the ULSD surrogate utilized in the 

current study was developed by combining the reaction mechanisms of n-dodecane [180] and n-

xylene [181] by Pei et al. [179]. RCM, JSR, and ST experimental results were utilized to validate 

these individual models. The operating conditions of these experiments are described in Table 27 

[180, 181]. Compared to the RCM/JSRST settings, the operating pressures used in the 0-D model 

as shown in Table 24 are relatively higher. Additionally, the equivalence ratio used in the model 
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is lower compared to the experiments used to validate the reaction mechanism. Hence, these 

differences introduce discrepancies in the reaction rates used which in turn affects the predicted 

pressure and temperature trends.   

Table 27: Experimental details used to validate the reaction rates for n-dodecane and m-xylene that 

were combined by Pei et al. [179] to develop the ULSD surrogate reaction mechanism. 

n-dodecane mechanism [180] m-xylene mechanism [181] 

Experimental 

setup 

Temperature (K) | 

Pressure (bar) | ὲ (-) 

Experimental 

setup 

Temperature (K) | 

Pressure (bar) | ὲ (-) 

RCM [183] 640-960 | 10-20 | 1.0 ST [186] 1210-1480 | 22-550 | 1.0-5.0 

JSR [216] 900-1200 | 1-10 | 0.3-4.0 ST [182] 600-900 | 14-19 | 1.0 

JSR [217] 800-1350 | 10 | 0.5-2.0 JSR [184] 900-1300 | 1 | 0.5-1.5 

Moving forward, the ID was computed using the same method as described earlier using the OH 

time history trends obtained with the ULSD surrogate reaction mechanism (Figure 48). 

Importantly, the model was able to capture two distinct OH peaks that are observed during the 

combustion of hydrocarbons [178, 204]. The comparison of the experimental (ƺ) and predicted ID 

(Ǐ) vs. FIT, and ID vs. temperature at the time of fuel injection are presented in Figure 49a and  

Figure 49b, respectively. As the FIT is advanced, the in-cylinder temperature at the time of fuel 

injection gradually declines; hence, lowering the reactivity of the system. However, as the FIT is 

advanced between 12.5° and 20.0° BTDC, the experimental ID results remain relatively 

unchanged. This is due to the high compression ratio of the engine that provides an environment 

favorable for instantaneous evaporation and ignition. There is a marginal decline in the ID 

observed for the 25.0° FIT event suggesting NTC behavior. The ID gradually increases on further 

advancing the FIT beyond 25.0° BTDC. Unlike the experimental results, the predicted ID 

gradually increases for the first set of FIT advancements between 12.5° and 20.0° BTDC. 

Therefore, the 0-D model is unable to capture the dynamic in-cylinder behavior that assists in 
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maintaining a relatively constant ID for these events. The ID for the 30.0° BTDC event is slightly 

less than the 25.0° FIT event. In addition, the predicted ID gradually increases for earlier injection 

events mimicking the experimental trend. Therefore, the data presented in Figure 49 does not 

warrant stating that NTC behavior was predicted by the model.  
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Figure 48: 0-D model OH mole fractions vs. CA position at 1.5 N-m for ULSD surrogate reaction 

mechanisms. 

The ULSD surrogate reaction mechanism utilized in the 0-D model was developed by Pei et al. 

[179]. Hence, the literature ID trends presented by Pei et al. are compared with the 0-D model 

results as shown in Figure 50. An operating pressure of 20-bar and an equivalence ratio of 0.5 were 

used in this literature study. The ID gradually decreases with increasing 1000/T(K), suggesting a 

reduction in the reactivity of the system. Subsequently, the ID declines between approximately 1.0 

and 1.2 suggesting NTC behavior. Further decreasing the temperature results in elevated ID. 

Importantly, the key reactions that cause NTC behavior in intermediate temperatures are explained 

in Chapter 2.  
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Figure 49: Experimental and model results of (a) ID vs. FIT and (b) ID vs. temperature for ULSD. 
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Figure 50: ID vs. 1000K/T comparison of model results and literature data presented in Pei et al. 

for ULSD surrogate mechanism [179]. 

Compared to the literature study, the settings used in the 0-D model have a marginally higher 

pressure for FIT points between 12.5° and 25.0° BTDC, and a relatively lower equivalence ratio 

(Table 24). The ID trends of the 0-D model are comparable to the literature trends in Figure 50. As 

mentioned earlier, there is not sufficient information to state that the model captured the NTC 
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behavior. However, the magnitude of the ID predicted by the 0-D model is in reasonable agreement 

with the literature data. The marginal differences could be due to the dissimilar operating pressure 

and equivalence ratio used in the model compared to the literature study. The influence of the 

pressure and equivalence ratio on the ID was discussed earlier.  

Quantifying the quality of predicted data  

The percentage difference between the predicted in-cylinder temperature, pressure, and ID values 

with the MD reaction mechanism compared to the experimental data obtained with BD is presented 

in Table 28. With respect to in-cylinder temperature, the predicted peak values have a close fit 

with the experimental data for most FIT events except for the 30.0° BTDC injection event. Here, 

calibrating the heat transfer coefficient post fuel injection would assist in further reducing the 

percentage difference between the experimental and predicted peak values. On the other hand, the 

in-cylinder pressure percentage difference parameter has a noticeable trend. Similar to 

temperature, the predicted in-cylinder pressure has a closer fit with the experimental for FIT events 

between 12.0° and 25.0° BTDC. However, these predicted parameters deviate significantly for 

earlier injection events. Thus, a comparatively more rigorous calibration process is potentially 

necessary for earlier FIT events to improve the quality of the predicted models. Concerning ID, 

the predicted values have a relatively poor fit with the experimental data for most FIT settings 

considered. In particular, there is a significant deviation in the predicted ID for FIT events between 

20.0° and 30.0° BTDC. Importantly, experimental data suggested that NTC behavior was observed 

for these fuel injection events. Therefore, the predicted ID has a comparatively higher error as the 

model is unable to capture the NTC.  
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Table 28: Comparison of the percentage difference between experimental and model peak in-

cylinder temperature and pressure, and ID values for BD. 

  Peak In-cylinder Temperature Peak In-cylinder Pressure 

FIT Experimental Model % Difference Experimental Model % Difference 

12 982.7 930.0 5.4 60.6 60.7 -0.1 

15 1030.0 973.4 5.5 64.9 67.8 -4.5 

20 1090.0 1004.1 7.9 70.2 71.0 -1.2 

25 1140.0 1101.9 3.3 72.2 74.4 -3.1 

30 1190.0 1315.2 -10.5 73.7 91.7 -24.4 

35 1170.0 1198.5 -2.4 72.4 87.3 -20.6 

  Ignition Delay [° CA]    

FIT Experimental Model % Difference    

12 12.2 9.5 22.1    

15 12.0 11.0 8.3    

20 12.2 17.0 -39.3    

25 11.6 20.0 -72.4    

30 10.4 20.0 -92.3    

35 20.0 25.0 -25.0    

Similarly, the percentage difference in the predicted peak temperature, pressure, and ID with the 

ULSD surrogate mechanism compared to the experimental data with ULSD are presented in Table 

29. The predicted peak pressure and temperature results for the FIT events 12.5° and 15.0° BTDC 

are in reasonable agreement with the experimental data. However, similar to the earlier case, the 

model underpredicts the heat transfer for earlier FIT events resulting in a poor fit of the predicted 

results with experimental data. Thus, the calibration of the heat transfer coefficient is more critical 

for the FIT events before 20.0° BTDC to improve the accuracy of the predicted temperature results. 

With respect ID, there is no clear trend observed in the percentage difference of predicted values 

vs. experimental data. Additionally, the quality of the ID results is relatively poor for all FIT 

settings; including points where NTC was observed. Overall, as discussed earlier, calibration of 
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the heat transfer coefficient post fuel injection, including a fuel injection model, and utilizing 

reaction mechanisms validated with realistic experimental conditions would improve the accuracy 

of the model predictions. Additionally, one of the important model assumptions as stated earlier 

considers that the air fuel mixture is homogeneous and prepared for ignition at the point of fuel 

injection. Therefore, setting the experimentally found ignition timing as the point of fuel injection 

in the model would also assist in reducing the percentage error of the predicted results.   

Table 29: Comparison of the percentage difference between experimental and model peak in-

cylinder temperature and pressure, and ID values for ULSD. 

  Peak In-cylinder Temperature Peak In-cylinder Temperature 

FIT Experimental Model % Difference Experimental Model % Difference 

12.5 1010.0 981.9 2.8 62.1 66.9 -7.6 

15.0 1010.0 954.4 5.5 67.6 72.0 -6.5 

20.0 1070.0 1188.0 -11.0 74.7 84.5 -13.1 

25.0 1160.0 1377.4 -18.7 73.2 94.7 -29.4 

30.0 1190.0 1685.0 -41.6 73.5 107.1 -45.7 

35.0 1170.0 1673.9 -43.1 73.3 109.4 -49.2 

  Ignition Delay [° CA]    

FIT Experimental Model % Difference    

12.5 12.2 14.0 -14.8    

15.0 12.2 14.5 -18.9    

20.0 12.2 15.5 -27.0    

25.0 12.0 15.0 -25.0    

30.0 15.0 18.5 -23.3    

35.0 20.0 25.0 -25.0    

5.5 Conclusion  

A first-of-its-kind combustion model was developed where engine geometry and conservation 

laws were used as the governing equations. Since the focus was to study the NTC behavior of 

ULSD and oxygenated fuels in the PPCI regime, the system was assumed to be 0-D. The model 

results were compared with the experimentally recorded data at 1.5 N-m presented in Chapters 2 



 

182 

 

to 4. The operating conditions such as pressure at the time of fuel injection, the mass flow rate of 

air and fuel, injection timing, and engine geometry details were fed as known initial values for the 

corresponding FIT settings. Subsequently, appropriate detailed reaction mechanisms that can 

capture low temperature kinetics were selected for BD and ULSD. Here, the reaction mechanism 

of MD developed as a surrogate for oxygenated fuels by Herbinet et al. was selected to compare 

the model results with the experimental data obtained using BD as the fuel [174]. Similarly, the 

ULSD surrogate reaction mechanism presented by Pei et al. was used to compare the 0-D model 

results with the engine testing data collected with ULSD as the fuel [179].  

The temperature at the time of fuel injection (Tivc) and the convective heat transfer coefficient hc 

was calibrated such that the predicted in-cylinder pressure and temperature results between IVC 

and the point of fuel injection were in reasonable agreement with the experimental data. Following 

the validation process, the model results for all the FIT settings shown in Table 24 were collected 

and compared with the experimental results. The model was able to capture the peak combustion 

pressure and temperature values for fuel injection events between 12.0°/12.5° and 15.0° BTDC 

reasonably for both BD and ULSD surrogate reaction mechanisms. However, the model 

underpredicts the heat transfer losses for earlier injection events. Additionally, the 0-D model peak 

pressure and temperature occurred close to TDC due to the nature of their dependency on the 

instantaneous cylinder volume. Importantly, the predicted ID trends with both reaction 

mechanisms were in fair agreement with the experimental results. However, the model results did 

not appear to capture NTC behavior for both reaction mechanisms. To improve the model 

predictions, a fuel injection model that can robustly capture the fuel spray behavior, and the 

subsequent atomization and vaporization processes are suggested along with a greater crank angle 

fidelity. In addition, further improvement in the calibration process is necessary for advanced FIT 
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settings with both reaction mechanisms to address the underpredictions of the heat transfer rate. 

Nevertheless, while operating in the conventional FIT setting, the current model could be utilized 

for ID evaluations at higher load conditions with appropriate calibration. Furthermore, the 

possibility of utilizing the model to estimate combustion emissions can be explored. Finally, 

reaction mechanisms that are validated using comparable experimental conditions such as pressure 

and equivalence ratio could further aid in reducing the discrepancies in the predicted results.      
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Chapter 6: Conclusion 

Utilizing a combination of high Compression Ratio (CR) with a Direct Injection (DI) fuel system, 

high thermal efficiencies are obtained through Compression Ignition (CI) combustion compared 

to spark ignition combustion. However, the inherent nature of the nitrogen oxide (NOx) and 

particulate matter (PM) emissions tradeoff hinders these advantages of CI engines. Importantly, it 

is a significant engineering challenge to meet the future emission norms, and addressing the 

difficulties associated with alleviating the NOx-PM tradeoff is a crucial step. In this avenue, low 

temperature combustion via Partially Premixed Charge Compression Ignition (PPCI) combustion 

has the potential to simultaneously reduce nitrogen oxides (NOx) and particulate matter (PM) 

emissions [218]. In addition, the combustion and thermal efficiencies achieved in the PPCI regime 

are comparable to conventional combustion. PPCI is characterized by the instantaneous ignition 

of a relatively homogenous air-fuel mixture. To achieve air-fuel mixtures that are more 

homogeneous compared to the conventional combustion charge, it is necessary to extend the 

Ignition Delay (ID) period. Advancing the Fuel Injection Timing (FIT) is a popular method used 

to increase the duration of ID. Previously, ultra-low sulfur diesel (ULSD) was used as the fuel 

while attempting to achieve PPCI through the FIT advancement strategy [77, 108]. However, there 

was limited success in achieving PPCI. Therefore, a comprehensive literature survey was 

performed initially comparing the various methods used to achieve PPCI combustion. A 

combination of FIT variations in conjunction with an Exhaust Gas Recirculation (EGR) system 

was selected as the strategy to achieve PPCI. Additionally, utilizing biodiesel (BD) as the fuel 

could further aid in reducing undesired exhaust emissions. Moreover, BD can be synthesized using 

renewable sources and has the potential to replace conventional non-renewable ULSD. Hence, an 

exhaustive set of engine experiments were conducted to analyze the advantages and restrictions of 
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these strategies using BD and ULSD as the fuel. In-cylinder pressure data in conjunction with inlet 

fuel and air mass flow data were collected during experiments. Additionally, intake and exhaust 

gas temperature and pressure data were recorded at various points. Furthermore, exhaust emissions 

and smoke data were collected at each operating setting. Finally, an in-house built zero-

dimensional (0-D) heat release model was employed to compute thermodynamic information such 

as in-cylinder temperature, Rate of Heat Release (ROHR), ID, and SOC timing.   

Initially, PPCI was attempted through FIT variations alone with BD extracted from waste cooking 

oil as the fuel. Here, the FIT was varied from 12.0° to 35.0° BTDC in steps of 2.5°. Importantly, 

the conventional FIT used to attain maximum brake torque for BD and ULSD is 12.0° and 12.5° 

BTDC respectively. The primary goal was to compare the performance and emission 

characteristics of BD and ULSD during FIT sweep experiments. Following are the general trends 

obtained for the engine trials conducted with BD as the fuel:   

a. As the FIT was advanced, the peak in-cylinder pressure and temperature timing move 

gradually into the compression stroke indicating an early Start of Combustion (SOC).  

b. Additionally, the amount of fuel required to maintain the set engine load gradually 

increases as the FIT is advanced. This results in elevated peak in-cylinder pressure, 

temperature, and ROHR at advanced FIT settings.  

c. Contrary to expectation, ID remained relatively unchanged for the first few advanced FIT 

settings. This is due to the higher CR of the engine used. Furthermore, a gradual decline in 

ID was observed between 22.5° and 30.0° BTDC injection timings due to the NTC 

behavior of BD. Finally, the ID rises marginally for FIT events earlier than 30.0° BTDC. 

As a result, in-cylinder pressure, temperature, and ROHR decline marginally for these early 

injection events due to the excess time available for heat transfer losses.  



 

186 

 

d. Concerning emissions, a gradual incline in NOx and a decline in PM, CO, and THC were 

observed for FIT events 12.0° and 27.5° BTDC. This is due to the elevated in-cylinder 

temperature observed for these settings. As the FIT was further advanced opposite trends 

of lowering NOx and rising PM, CO, and THC emissions were observed. This is due to a 

greater level of fuel wall wetting and subsequent drop in the combustion and thermal 

efficiency recorded for injections earlier than 27.5° BTDC. 

Comparing the BD results with the previously reported ULSD data, the combustion performance 

and emission trends are comparable. The amount of BD consumed to achieve the set load level is 

marginally higher compared to ULSD due to its lower energy content at all the FIT settings 

considered. For the same reason, the peak in-cylinder pressure, temperature, and ROHR are 

comparatively lower for BD. On the other hand, ULSD has a slightly extended ID at all set points 

due to its lower CN compared to BD. Finally, the NOx, PM, CO, and THC were generally higher 

for ULSD combustion. The elevated in-cylinder temperature recorded with ULSD has a 

dominating effect on the higher NOx observed with ULSD. Conversely, the excess O2 contained 

in BD has a bigger impact on the lower PM, CO, and THC emissions obtained. Overall, like the 

ULSD results, there was limited success in alleviating the NOx-PM tradeoff using FIT variations 

alone with BD used as the fuel.    

Therefore, EGR was used in conjunction with FIT variations while attempting to achieve PPCI 

using ULSD and BD as the fuel. Based on the results obtained from the experiments discussed 

earlier, 12.5°/12.0°, 15.0°, 20.0°, 25.0°, and 30.0° BTDC were selected as the FIT settings for 

ULSD and BD. In addition, a maximum EGR rate of 25% was achievable at the 0.5 N-m load 

condition. Hence, 7% and 14% were used as the intermittent EGR settings. For a fixed EGR rate, 

the combustion performance and emission trends obtained with FIT variations were comparable 
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to the no-EGR case for both ULSD and BD used as the fuel. On the other hand, EGR had the 

following effects at comparable FIT settings:  

a. Increasing the rate of EGR used resulted in a gradual incline in the equivalence ratio used. 

Specifically, the equivalence ratio for the 25% EGR case was about 57% higher than the 

no-EGR case. Since the maximum equivalence ratio utilized was about 0.26, the air-fuel 

mixture is relatively lean.  

b. As the EGR rate increased, the peak in-cylinder temperature, pressure, and ROHR 

marginally decreased. This is due to the excess availability of carbon dioxide and water 

vapor at high EGR rates that act as a diluent and reduce the reactivity of the charge.  

c. Contrary to expectation, the ID declined slightly at higher rates of EGR suggesting that the 

hot residual gasses assisted in reducing the physical delay period. Moreover, the high CR 

of the engine appears to have a dominating effect on ID compared to EGR.  

d. Concerning emissions, the simultaneous reduction in NOx and PM were obtained with 

increasing EGR at most of the FIT settings. Therefore, PPCI was achieved using a 

combination of EGR and FIT variations. The high temperatures of the residual gas assist 

in forming a relatively homogeneous air-fuel mixture. The combustion of this mixture 

results in a comparatively uniform distribution of temperature that assists with the 

reduction of NOx emissions. Additionally, the use of comparatively homogeneous mixtures 

ensures that the low PM, CO, and THC emissions are formed at high rates of EGR.  

In addition, ULSD and BD had comparable combustion performance and emission trends in the 

presence of EGR. The peak combustion performance parameters were comparatively higher for 

ULSD due to the elevated energy content of ULSD. Additionally, NOx, PM, CO, and THC were 

generally higher for ULSD for reasons noted earlier. Thus, the simultaneous reduction of NOx and 
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PM emissions was achieved for both ULSD and BD at high rates of EGR and intermittent FIT 

settings.  

Following the experimental study, a first-of-its-kind 0-D combustion model was developed using 

engine geometry and conservation laws. The focus of the study was to simulate combustion and 

compare the obtained experimental results with BD and ULSD using fundamental governing 

equations. Hence, appropriate detailed reaction mechanisms were selected to represent the 

combustion kinetics of BD and ULSD respectively. For this, the detailed reaction mechanism 

defined for methyl decanoate (MD) was selected to compare the experimental results obtained 

with BD as the fuel [174]. Similarly, a detailed ULSD surrogate reaction mechanism was selected 

to compare the ULSD experimental data [179]. The experimental data such as pressure at the time 

of Inlet Valve Closing (IVC) and mass flow rate of air and fuel at various FIT settings were fed as 

known initial conditions to the model. The first set of results suggested that the 0-D model was 

under-predicting the heat transfer losses. Therefore, the convective heat transfer coefficient and 

the temperature at IVC were calibrated. The calibrated 0-D model in-cylinder temperature and 

pressure results were in reasonable agreement with the experimental data between IVC and the 

point of fuel injection; hence, validating the model.  

Concerning the performance parameters, the 0-D model was able to reasonably predict the peak 

in-cylinder temperature and pressure for 12.0°/12.5° and 15.0° BTDC injection events with both 

MD and ULSD surrogate reaction mechanisms. However, the peak pressure and temperature are 

relatively higher for earlier FIT settings suggesting that the model is under-predicting the heat 

transfer losses. Additionally, the 0-D model peak pressure and temperature timing occurred close 

to TDC for all FIT settings suggesting their dependency on the instantaneous volume of the 

cylinder. Importantly, the computed 0-D model ID results were comparable to the experimental 
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data of both BD and ULSD. In addition, the predicted ID was in reasonable agreement with 

literature kinetic models that utilized the same MD and ULSD surrogate reaction mechanisms 

respectively. However, there is insufficient information in the predicted ID trends to decisively 

state that the model captured the NTC behavior of BD or ULSD.  

Overall, incorporating a fuel injection model that captures the fuel spray pattern, and the 

subsequent atomization and evaporation process could aid in improving the accuracy of the model 

results. Additionally, further calibration of the 0-D model for earlier FIT settings could also 

address the predicted peak in-cylinder temperature and pressure discrepancies. Finally, utilizing 

kinetic parameters that are calibrated under conditions similar to the engine experimental settings 

could aid in reducing the predicted performance inconsistencies.   



 

190 

 

Appendix 

Appendix Table 1: Yanmar single cylinder engine specifications. 

Manufacturer and model Yanmar L100V 

Engine Intake Naturally Aspirated 

Fuel Intake Type DI 

Cycle 4-Stroke 

Number of Cylinders 1 

Number of Valves per Cylinder 1 Intake, 1 Exhaust 

Bore [mm] 86 

Stroke [mm] 75 

Displacement [L] 0.435 

CR [-] 21.2 

FIT [° BTDC] 12.5 (ULSD) and 12.0 (BD) 

Intermittent Rated Output at 3600 rpm 

[hp] 
9.1 

Rated Speed [rpm] 3600 

Clearance Volume [m3] 2.161³10-5 

Connecting Rod Length [m] 0.188 

Inlet Valve Closing [° ATDC] 122 

Exhaust Valve Opening [° BTDC] 144 

Fuel Injection Pressure [MPa] 47 ± 2 

Number of Injectors 1 

Injector Holes 6 
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Appendix Figure 1: Block diagram of the test cell setup. 

    

Appendix Figure 2: (a) IMEP and (b) net indicated work vs. FIT at 0.5, 1.0, and 1.5 N-m 

load. 
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Appendix Figure 3: (a) In-cylinder pressure, (b) in-cylinder temperature, and (c) ROHR 

vs. crank angle, and (d) exhaust temperature vs. FIT at 0.5 N-m engine torque for FIT 

from 12.0° to 22.5° BTDC with BD. 
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Appendix Figure 4: (a) In-cylinder pressure, (b) in-cylinder temperature, (c) ROHR vs. 

crank angle, and (d) exhaust temperature vs. FIT at 0.5 N-m engine torque for FIT from 

22.5° to 35.0° BTDC with BD. 
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Appendix Figure 5: (a) In-cylinder pressure, (b) in-cylinder temperature, and (c) ROHR 

vs. crank angle at 1.0 N-m engine torque for FIT from 12.0° to 22.5° BTDC with BD. 
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Appendix Figure 6: (a) In-cylinder pressure, (b) in-cylinder temperature, and (c) 

ROHR vs. crank angle at 1.0 N-m engine torque for FIT from 22.5° to 35.0° BTDC 

with BD. 
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Appendix Figure 7: (a) Nitrogen oxides, FSN, and PM, and (b) CO and THC emissions at 

0.5 N-m load for various FITs with BD. 
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Appendix Figure 8: (a) Nitrogen oxides, FSN, and PM, and (b) CO and THC 

emissions at 1.0 N-m load for various FITs. 
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Appendix Figure 9: (a) BSFC and (b) thermal efficiency vs FIT for WCO BD.  
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Appendix Figure 10: (a) BSFC and (b) Engine torque vs. FIT at 0.5 N-m load condition for 

all EGR rates with ULSD . 




























































































